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PREFACE

This is not an ordinary book on rainfall and runoff. All the general and working formulas
in this book are theoretically derived. The formulas are therefore globally and eternally
applicable, as long as the situations under consideration are within the assumptions and
limitations of the theory. This epitomizes the powerful nature of the physically-based
approach in hydrology. This book covers formulas for flow depth; flow velocity; average
flow velocity; wave celerity; average wave celerity; time of concentration; rising, equilibrium
and falling phases of a hydrograph; forward characteristic; rising, equilibrium and falling
phases of water surface profiles; duration of partial equilibrium discharge; and equilibrium
detention storage for flow on an overland plane, and flow in nine different channel shapes,
which are (i) circular, (ii) parabolic, (iii) rectangular (deep), (iv) rectangular (square), (v)
rectangular (wide), (vi) trapezoidal with equal side slopes, (vii) trapezoidal with one side
vertical, (viii) triangular, and (ix) vertical curb.
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Chapter 1

1. INTRODUCTION

Ever since Lighthill and Whitham (1955) showed that the main body of a natural flood
wave moves as the kinematic wave, there has been continual interest in the application of the
kinematic wave theory to hydrologic engineering. The greatest strength in this application is
the feasibility of obtaining physically-based analytical formulas. The values of this strength
are two-fold:

1.

It enables hydrologists and engineers to have a clear understanding of the
contribution by each parameter in the physical process.

2.  Without the need for any experimental data, it offers formulas that can be applied to

practical situations, including ungauged catchments.

Further, these formulas have great advantages:

I.

As the formulas are theoretically derived, the assumptions and limitations involved in
the formulas can be clearly stated.

2. As the formulas are general in nature, they are globally and eternally applicable, as

3.

long as the situation under consideration is within the assumptions and limitations of
the theory.

As the formulas are analytical, they can be used without the need for computer
programming. Since the formulas are not hidden in some computer program, the
steps leading to each answer can easily be traced.

To enable hydrologists and engineers to have ready access to the kinematic wave
formulas, the objectives of this book are:

1.

To show the derivation of the kinematic wave formulas for the rainfall-runoff
process, and to highlight the assumptions and limitations in the derivations.

To present the kinematic wave formulas in a form that can be readily used by
practitioners.
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1.1. How TO USE THIS BOOK

The Chapters in this book are more or less self-contained; hence, they can be read fairly
independently. The topics covered may be grouped under four phases of the rainfall-runoff
process for an overland plane subject to uniform rainfall excess and with a constant upstream
inflow, and for a channel subject to uniform lateral inflow and with a constant upstream
inflow. For a catchment comprising a network of overland planes and channels, the outflow
from the overland planes can become the lateral inflow to the channels. The four phases of
the rainfall-runoff process are:

1. General phase covering (i) flow depth, (ii) flow velocity, (iii) average flow velocity,
(iv) wave celerity, and (v) average wave celerity.

2. Rising phase covering (i) time of concentration or time of travel, (ii) rising phase of
hydrograph, (iii) forward characteristic, and (iv) rising phase of water surface or flow
area profile.

3. Equilibrium phase covering (i) design discharge of an overland plane, (ii) duration of
partial equilibrium discharge, (iii) equilibrium phase of hydrograph, (iv) equilibrium
phase of water surface or flow area profile, and (v) equilibrium detention storage.

4. Falling phase covering (i) falling phase of hydrograph, and (ii) falling phase of water
surface or flow area profile.

This book may be read in the following ways:

1. Readers who are interested in the assumptions and background of the formulas may
refer to Chapter 2 for flow on an overland plane, and Chapter 4 for flow in an open
channel.

2. Readers who are interested in the working formulas may refer to Chapter 3 for flow
on an overland plane, and Chapters 5-13 for flow in nine different channel shapes,
which are (i) circular, (ii) parabolic, (iii) rectangular (deep), (iv) rectangular (square),
(v) rectangular (wide), (vi) trapezoidal with equal side slopes, (vii) trapezoidal with
one side vertical, (viii) triangular, and (ix) vertical curb.

3. Readers who are interested in the assumptions and background of the formulas and
the working formulas may refer to all the Chapters.

For ease of reference, the applicability of the kinematic wave theory is summarized in
Appendix A, the general formulas in Appendices B-C, the kinematic wave parameters in
Appendix D, and the working formulas in Appendices E-S. The units for the working
formulas are contained in the List of Symbols. Finally, the values for the runoff coefficient
may be selected from the American Society of Civil Engineers (1992), the values for the
Manning’s roughness coefficient for overland surface may be selected from Engman (1986),
and the values for the Manning’s roughness coefficient for channel surface may be selected
from Chow (1959) or Arcement and Schneider (1989).
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Chapter 2

2. GENERAL FORMULAS FOR FLOW
ON OVERLAND PLANE

In this Chapter, based on the kinematic wave theory; the general formulas for flow depth;
flow velocity; average flow velocity; wave celerity; average wave celerity; time of
concentration; design discharge; rising, equilibrium and falling phases of a hydrograph;
forward characteristic; rising, equilibrium and falling phases of water surface profiles;
duration of partial equilibrium discharge; and equilibrium detention storage for flow on an
overland plane are derived.

2.1. FLow CONDITIONS

Consider an overland plane of length L, subject to a uniform rainfall intensity i, and with
a constant upstream inflow ¢,, the unit discharge, ¢, along the equilibrium water surface
profile for a unit width of the plane is:

qg=q,+Cix, (2.1

where C, = runoff coefficient, x, = distance along the plane in the direction of flow.
Substituting x,, = L, into Eq. (2.1) gives the discharge ¢, at the end of the plane at equilibrium,
ie.

q. =9, +C.iL, (2.2)

Further, the upstream inflow, ¢,, can be considered to be contributed by an imaginary
overland plane of length L,, which is situated immediately upstream of the overland plane of
length L,. This imaginary upstream plane is also subject to a uniform rainfall intensity 7, but
with zero upstream inflow. At the outlet point of this upstream plane and at equilibrium, the
discharge is g,. Substituting ¢. = ¢,, ¢, = 0 and L, =L, into Eq. (2.2) gives the length of the
upstream plane, L,, in terms of the upstream inflow, g,,, as follows:
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Figure 2.1 shows the upstream plane, the overland plane, and the equilibrium water
surface profile.

Upstream
Plane

Overland Plane

é_'q\?
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=
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h 4

A

Figure 2.1. Upstream and Overland Planes with Equilibrium Water Surface Profile.

2.2. DYNAMIC WAVE EQUATIONS

The mechanics of unsteady flow on an overland plane with a rainfall contribution can be
expressed mathematically by the Saint Venant equation. Derived from the principles of
continuity and momentum, the equations are (Chow et al 1988):

Do, % _¢; 2.4)
ot 0Ox,
1v, v o +ayo—(S0—Sf):0 2.5)

g ot ga ox

o

where y, = overland flow depth, ¢ = time, g = acceleration due to gravity, v = flow velocity, S,
= overland slope, and Sy = friction slope. The assumptions inherent in Egs. (2.4) and (2.5) are:
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1. The flow is one dimensional (i.e. velocity varies in the longitudinal direction only).
This implies that the velocity is constant and the water surface is horizontal across
any section perpendicular to the longitudinal axis.

2. All flows are gradually varied with hydrostatic pressure prevailing at all points in the
flow such that all vertical acceleration within the water column can be neglected.

3. The longitudinal axis of the overland plane can be approximated by a straight line
(i.e. there is no secondary circulation).

4. The slope of the overland plane is small.

5. The overland plane is fixed (i.e. the effects of scour and deposition are negligible).

6. Resistance to flow can be described by empirical resistance formulas, such as
Manning’s equation.

7. The fluid is incompressible and homogeneous in density.

8. The momentum carried to the fluid from the rainfall is negligible.

The momentum equation (Eq. 2.5) consists of five terms; namely local acceleration,
convective acceleration, pressure force, gravity force and friction force; each representing a
physical process that governs the flow momentum described as follows:

1. The acceleration terms represent the effect of velocity change over time and space.

2. The pressure force term represents the effect of flow depth change.

3. The gravity force term S, is proportional to the overland slope and accounts for the
change in bed level.

4. The friction force term Sy is proportional to the friction slope and accounts for the
friction loss for the flow on an overland plane.

2.3. KINEMATIC WAVE EQUATIONS
If the backwater effect is negligible and there is no rapid change in flow, the acceleration

and pressure terms in Eq. (2.5) may be neglected (Stephenson 1981, Wong 1992), and the
momentum equation reduces to:

S, =8, (2.6)

Equations (2.4) and (2.6) are called the “kinematic wave equations”. Equation (2.6) shows
that the overland slope is parallel to the friction slope, which means that the kinematic wave
is under the uniform flow condition. Thus, Eq. (2.6) can be replaced by the general uniform
flow equation, which is:

qg=a,y’ 2.7)

where a, and 5, = kinematic wave parameters relating g to y,.
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2.4. FLow DEPTH

Rearranging Eq. (2.7) gives the equation for the flow depth for a plane with and without
upstream inflow:

1B,
v, = (ij 2.8)
(04

2.5. FLow VELOCITY

From continuity, the flow velocity, v, is related to the unit discharge, ¢, as follows:

_— (2.9)

Substituting Eq. (2.7) into Eq. (2.9) and the velocity, v, becomes (Wong 2003):
v = a,oyoﬁ',rl (2.10)

Substituting Eq. (2.8) into Eq. (2.10) gives the equation for the velocity, v, in terms of unit
discharge, g (Wong 2003):

V= (O! 4" )1/5(,

2.11)

Substituting Eq. (2.1) into Eq. (2.11) gives the equation for the flow velocity along the
equilibrium profile for a plane with upstream inflow:

v= [0{0 (g, +C.ix, )" ]1/ 8 (2.12)

For a plane with zero upstream inflow (g,= 0), Eq. (2.12) reduces to:

V= [ao (C.ix, Y ]l/ﬂ” (2.13)

2.6. AVERAGE FLOW VELOCITY

Further, the average flow velocity, v,, , over the length of the plane, L,, can be derived as
follows (Wong 2003):
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y =t (2.14)

Substituting Eq. (2.12) into Eq. (2.14) and integrating (1/v) gives the equation for the average
flow velocity for a plane with upstream inflow:

a,"CiL,

v, =—F . 3 (2.15)
Bla, +Cir,)" -q,"" |
For a plane with zero upstream inflow (¢, = 0), Eq. (2.15) reduces to:
1 A,
v, = —[a'o (c.iL,)” 1]/ (2.16)
s,
2.7. KINEMATIC WAVE CELERITY
Differentiating Eq. (2.7) with respect to ¢ gives:
oq B,-1 oy
A _q ool 2o 2.17
o - Py, (2.17)

Rearranging Eq. (2.17) gives:

0
Vo 1 _ (‘iqj 2.18)
o a,pyl\ot

Substituting Eq. (2.18) into Eq. (2.4), the continuity equation becomes:

1 oq oq .
94| 1| ¢ 2.19
[aaﬂoyffl(atﬂ{axoj ! 1)

Kinematic wave results in changes in ¢, which is dependent on both x, and ¢, and the
increment in flow rate dg can be written as:

oq oq
dg =L agr+ 4 gy 2.20
T=5 " T (2.20)

o

Dividing Eq. (2.20) by dx,:
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dq _|0q | |0 dt 2.21)
dx, \Ox, ot \ dx,

Ci =—- (2.22)

If

and

a1
de aoﬂoyoﬂu_l

(2.23)

then Eq. (2.19) and Eq. (2.21) are identical. Differentiating Eq. (2.7) with respect to y,:

d _
_q = aoﬂoyoﬂ“ 1 (224)
dy

Comparing Eq. (2.23) and Eq. (2.24) gives:

dg _dx, (2.25)
dy,  dt

Since kinematic wave celerity, ¢, is:

¢, = dt" (2.26)

Substituting Eq. (2.25) into Eq. (2.26) gives:

dx dq B -1
c, = o — = o 227
k dt dy oﬂoyo ( )

Substituting Eq. (2.8) into Eq. (2.27) gives:
A
¢ =P, (%qﬂ” 1) (2.28)

Substituting Eq. (2.1) into Eq. (2.28) gives the equation for the wave celerity along the
equilibrium profile for a plane with upstream inflow:
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¢, = p, [ao (g, +Cix, )" ]l/ﬁ” (2.29)

For a plane with zero upstream inflow (g, = 0), Eq. (2.29) reduces to:

¢ =p, [ao (Cix, )" ]l/ﬂ” (2.30)

2.8. AVERAGE WAVE CELERITY

The average wave celerity, c,,, over the length of the plane, L,, can be derived as follows
(Wong 1996):

L
b 2.31)

Cuw ILﬂ i dxo

Ock

Substituting Eq. (2.29) into Eq. (2.31) and integrating (1/c;) gives the equation for the average
wave celerity for a plane with upstream inflow:

c, = a”]/ﬂu CiL, (2.32)
av (qu + CriLo )1/ﬂa _qul/ﬁ'o ’
For a plane with zero upstream inflow (g, = 0), Eq. (2.32) reduces to:
_ VA ]‘/ﬂn
cav - [ao (CrlLo) (233)

2.9. TIME OF CONCENTRATION

The time of concentration for flow on an overland plane, #,, can be obtained by dividing
length of the plane, L,, by the average wave celerity, c,,, as follows:

f =2 (2.34)

Substituting Eq. (2.32) into Eq. (2.34) gives the equation for the time of concentration for a
plane with upstream inflow (Wong 1995):
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g\ U
. {(qﬁcﬂ )" —q, 235

° B, Cri

o

For a plane with zero upstream inflow (g, = 0), Eq. (2.35) reduces to (Henderson and
Wooding 1964, Wong 1995):

I VA,
t,=| ——— 2.36
0 LO(C,J')A’]} (2.36)

Further, for the upstream plane of length L,, substituting L, = L, into Eq. (2.36) gives the time
of concentration, ¢,, of the upstream plane:

’ VA,
t, = ——— (2.37)
baal

2.10. DESIGN DISCHARGE

For estimating the design discharge of a desired recurrence interval, the rainfall intensity-
duration curve of the same recurrence interval is used. For a given rainfall recurrence interval,
the design concept is to choose a storm from the rainfall intensity-duration curve such that it
produces the maximum peak discharge. This maximum discharge is the design discharge
(Wong 2005a).

2.10.1. Rainfall Intensity-Duration Relationship

Analyses of the total rainfall curves show that for a given recurrence interval, the rainfall
intensity varies inversely with the rainfall duration, and it can be mathematically described by
(American Society of Civil Engineers 1992):

i=allc+t.) (2.38)

where ¢, = rainfall duration, and a, b and ¢ = constants. To facilitate the derivation of an
explicit expression for the design discharge, Eq. (2.38) is reduced to (Wong 1995):

i=at,” (2.39)

Although the use of Eq. (2.39) with a single set of a and b values cannot fit the entire rainfall
intensity-duration curve, Chen and Evans (1977), and Wong (1992) showed that by dividing
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the rainfall curve into segments, it is possible to fit the entire rainfall curve with different
values of a and b for each segment.

2.10.2. Design Discharge

For the purpose of estimating the design discharge, Wong (2005a) showed that the
critical rainfall duration is the time of concentration. Eq. (2.36) and Eq. (2.39) are therefore
solved simultaneously by equating ¢, = ¢,, resulting in an explicit expression for the design
rainfall intensity, i, for a plane with zero upstream inflow:

bB,
M b+ﬁo _bﬂu
e (2.40)
i = /B :
(L,/a,)

Figure 2.2 shows a graphical solution for obtaining i;. The design discharge, Q,, is related to
the design rainfall intensity, i , and the area of the plane, 4,, as follows:

0, =C.i,4, (2.41)

i4(Eq.2.40)

Figure 2.2. Design Rainfall Intensity for a Plane without Upstream Inflow.
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For a rectangular plane, the area A4,, is related to the dimensions of the plane as:
A, =Lw (2.42)

where w = width of the plane. Substituting Eq. (2.40) into Eq. (2.41) gives the equation for
the peak discharge per unit area of the plane:

bp,
(ac, )" o
g = 9% ) 2.43
Qd/ o |:(Lo /(ZO )l/ﬁa :| ( )

2.11. HYDROGRAPH - RISING PHASE

Expanding the partial derivative, (aq / ox, ), into total derivative results in:

0q _ dq [@/OJ (2.44)

6'x() - dy() axo

Substituting Eq. (2.27) into Eq. (2.44) gives:

0 0
A e Do (2.45)
Ox, ox,
Substituting Eq. (2.45) into Eq. (2.4) gives:
0 0
Yo +c, Yo _ C,i (2.46)
ot ox,
Differentiating y, with respect to x, and ¢:
0 0
dy, =g+ Lo gy (2.47)
ot ox,
Dividing Eq. (2.47) by dt and substituting Eq. (2.27) into it:
d 0 0
Yo _ Do 4o Do (2.48)
dt ot Ox

o

Comparing Egs. (2.46) and (2.48) gives:
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d
Do _ C,i (2.49)
dt
Integrating Eq. (2.49) from (qu / a, )l/ P to ¥, for y, and O to ¢ (where ¢ < z,) for ¢ gives:
VB,
y = | scit (2.50)
aO

Substituting Eq. (2.50) into Eq. (2.7) gives the equation for the rising phase (rising limb) of
the hydrograph for a plane with upstream inflow for 7 < ¢,:

ﬂu

Vs,
g=a, (q—j +C.it 2.51)
a

For a plane with zero upstream inflow (g, = 0), Eq. (2.51) reduces to:
g=a,(Cit)" (2.52)

Figures 2.3 and 2.4 show the rising phase (rising limb) of an equilibrium and a partial
equilibrium runoff hydrographs for a plane without and for a plane with upstream inflow,
respectively. If the hydrographs in figure 2.4 are shifted by a distance ¢, to the right, they
become the same as those in figure 2.3.

q
¢, (Eq. 2.36)
‘ " (Eq.276)
N P
E 1]
) 1]
E 1]
i H <
' [ “.
(Eq. 2.73) i %,
Dp [Cmmmmm e - domemme e ?/z,

\ I s 2,

' o g AN

H " Jg,(, “ar H - (/’r}

\ " ’//«5,’ oo , S

-~ \ " “ , i %
Ky : H o
,\/ : i : U\{'/u ] .
< : ' NI %902,

' " { r Lo, 97

' i i ' 107

' " 1 i

] L] N ]

1 " ! \

1 1 1 >

¢, for partial
equilibrium hydrograph 1,
t, for equilibrium hydrograph

Figure 2.3. Equilibrium and Partial Equilibrium Runoff Hydrographs for a Plane without Upstream
Inflow.
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g

t, (Eq. 2.35)

(Eq.2.75)

8

Eq.2.72
P P (Eq. 2.72),

Oy

f #, for partial t;
(Eq. 2.69) t
b4 b

u
(Eq. 2.37) | equilibrium hydrograph

*

t. for equilibrium hydrograph

4 »
< P

Figure 2.4. Equilibrium and Partial Equilibrium Runoff Hydrographs for a Plane with Upstream Inflow.

2.12. FORWARD CHARACTERISTIC - RISING PHASE

Substituting Eq. (2.1) into Eq. (2.51) gives the equation for the forward characteristic for
a plane with upstream inflow:

_ 1 (qu + Cri‘xu )l/ﬂo B qu VA
t=—0 : (2.53)
a, '’ Ci

The forward characteristic traces the time it takes for the wave to travel downstream. With the

kinematic wave equations (Eqs. 2.4 and 2.6), there is no backward characteristic, and this is

why the kinematic wave approximation cannot simulate the backwater effect (Section 2.3).
For a plane with zero upstream inflow (g, = 0), Eq. (2.53) reduces to:

1/Bs
X

t= a(c—al')ﬂfl (254)

As shown in figure 2.5, the forward characteristic commences at the upstream end of the
overland plane (x, = 0), the time it takes for the wave to travel the length of the plane, L,,
equals to the time of concentration, ¢, (Egs. 2.35 and 2.36).
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A
£y (EQ. 2.36) [ === == mmm oo .
1
o) |
. ’ 1
o & |
s !
to (BQ. 2.35) [€- === === === == A =3
o% -7
o 2T
\ St :
) 5{\0qq - !
Ry rag :
\\Q&/// :
‘\‘&\\ - :
el :
7 |
7 !
i !
L » Xo
0 L,

Figure 2.5. Forward Characteristics for Planes without and with Upstream Inflow.

2.13. WATER SURFACE PROFILE — RISING PHASE

Figure 2.6 shows the successive water surface profiles during the rising phase for a plane
subject to a uniform rainfall intensity only, without upstream inflow. At ¢ = 0, the profile is the
line O-A, corresponding to ¢ = 0 and y, = 0. At time interval 0 < ¢ < ¢,, the flow depth
increases and the profile becomes the curve O-B-C. This is a partial equilibrium profile
corresponding to the partial equilibrium discharge, ¢,. The length, L, contributes to the
discharge, ¢,, which corresponds to the flow depth, y,. Finally, at ¢ > ¢, the flow depth
increases even further and the profile reaches equilibrium. The equilibrium profile is the
curve O-B-D. The length, L, contributes to the equilibrium discharge, g., which corresponds
to the flow depth, y..

Figure 2.7 shows successive water surface profiles during the rising phase for a plane
subject to a uniform rainfall intensity and with a constant upstream inflow. The upstream
inflow, ¢,, which corresponds to the flow depth, y,, is considered to be contributed by an
upstream plane of length, L,. Hence at ¢ = 0, the water surface profile is the curve O-O,-A. At
time interval 0 < ¢ < ¢,, the flow depth increases and the profile becomes the curve O-O,-B-C,
This is a partial equilibrium profile corresponding to the partial equilibrium discharge, g,. The
length (L, + L,) contributes to the discharge, g,, which corresponds to the flow depth, y,.
Finally, at ¢ > ¢,, the flow depth increases even further and the profile reaches equilibrium.
The equilibrium profile is the curve O-O,-B-D. The length (L, + L,) contributes to the
equilibrium discharge, ¢., which corresponds to the flow depth, y..
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Figure 2.6. Successive Water Surface Profiles during Rising Phase for a Plane without Upstream
Inflow.

»
vo

L L, L,(Eq. 2.57)

1 »

Y

h 4

Figure 2.7. Successive Water Surface Profiles during Rising Phase for a Plane with Upstream Inflow.

From figure 2.7, it is apparent that the water surface profile (curve O-O,-B) within the
length, (L, + L,) is identical to the equilibrium water surface profile (curve O-O,-B-D).
Substituting Eq. (2.1) into Eq. (2.7), gives the equation for the profile between —L, < x, < L,:
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a

118,
q,+Cix,
Yo =7 — (2.55)
Substituting y,= y, and x, = L, into Eq. (2.55) gives the equation for the profile between L,
<x,<L,:

. 18,
q,+CiL
v, = (Q—P] (2.56)

o

Substituting g = ¢, and x, = L, into Eq. (2.1) and rearranging gives the distance L,:

4,4,
L= TR (2.57)

If the profiles in figure 2.7 are shifted by a distance L, to the right, they become the same
as those in figure 2.6 which are for a plane with zero upstream inflow (g, = 0). For such a
case, Egs. (2.55)-(2.57) reduce to:

Cix, VA
Yo = (2.58)

(24

o

which is valid for 0 <x, < L,

c,i, \"”
v, == (2.59)

o

which is valid for L, <x, < L,, and

L, =—1 (2.60)

Equation (2.59) can also be derived by substituting y, =y, and x, = L, into Eq. (2.58).

2.14. DURATION OF PARTIAL EQUILIBRIUM DISCHARGE

In figure 2.7, the curve O-O,-B-C is a partial equilibrium water surface profile
corresponding to the partial equilibrium discharge, ¢,. The duration of the partial equilibrium
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discharge, t,, is the time taken for the water particle to travel from B to C, and is therefore
related to the length, L,, and the kinematic wave celerity, ¢, , as follows:

t,=—4 (2.61)

L,=L, L (2.62)

Substituting Eq. (2.62) into Eq. (2.61) gives:

L, —-L »
t,=— (2.63)
Ck
Substituting Eq. (2.57) into Eq. (2.63) gives:
L, 2|+ &
C,i C,i
t, = (2.64)
Cr
Substituting ¢ = g, and y, = y, into Eqs. (2.7) and (2.27) give:
— B,
q, =a,Y, (2.65)
and
ﬂ071
¢ =a,p,y, (2.66)
Substituting Egs. (2.65) and (2.66) into Eq. (2.64) gives:
ﬂﬂ
o
L - oY by 4.,
C.i C,i
t, = (2.67)

B,-1
a,B,y,

Substituting y, =y, and ¢ = ¢ .into Eq. (2.50) gives:
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v,
v, = [ 9 J +Cit, (2.68)

o

Substituting Eq. (2.68) into Eq. (2.67) and rearranging gives the equation for the duration of
partial equilibrium discharge for a plane with upstream inflow:

V8, P
CilL,+q,—qa, (q“j +Cit,
aU
t, = n = (2.69)
a,BCil| 1| +Cit
ao

For a plane with zero upstream inflow (g, = 0), Eq. (2.69) reduces to:

LO - aO (C}”i)ﬁn_l t}"ﬁn
t, = (2.70)

a() ﬂ() (Cr itr )ﬁo h

Substituting Eq. (2.36) into Eq. (2.70) gives #, in terms of #,:

I

ﬁ t ,Bu_l

t, = (2.71)

The duration of partial equilibrium discharge, ¢;, for a plane without and for a plane with
upstream inflow are shown in figures 2.3 and 2.4, respectively.

2.15. HYDROGRAPH — EQUILIBRIUM PHASE

As shown in figures 2.3 and 2.4, the hydrograph may reach partial equilibrium or
equilibrium depending on the duration of rainfall ¢,. If ¢, < #,, the hydrograph reaches partial
equilibrium with a constant discharge g,,. If ¢, > f,, the hydrograph reaches equilibrium with a
constant discharge ¢..

2.15.1. Partial Equilibrium Discharge

Substituting ¢ = ¢. (where ¢. < t,) into Eq. (2.51) gives the equation for the partial
equilibrium discharge for a plane with upstream inflow:
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VB,
— (q_] vCit o)

which is valid for ¢, <t < (¢, + #y).
For a plane with zero upstream inflow (g, = 0), Eq. (2.72) reduces to:

q,=a,(C,it)" (2.73)

2.15.2. Equilibrium Discharge
Substituting ¢ = ¢, into Eq. (2.51) gives the equilibrium discharge g.:

18, Po
q,=a, (q“ J +C.it, (2.74)

(24

o

which is valid for ¢, < ¢ < ¢,. Substituting Eq. (2.35) into Eq. (2.74) gives the equation for the
equilibrium discharge for a plane with upstream inflow:

q,=q,+CiL, (2.75)
For a plane with zero upstream inflow (g, = 0), Eq. (2.75) reduces to:

q, =C,iL, (2.76)

2.16. WATER SURFACE PROFILE — EQUILIBRIUM PHASE

As shown in figure 2.7, the curve O-O,-B-D is the equilibrium water surface profile.
Substituting Eq. (2.1) into Eq. (2.7) gives the equation for the profile between —L, < x, < L,:

A

+

v, :(—q" C’DC”] 2.77)
a

o

Equation (2.77) is identical to Eq. (2.55) because the equilibrium profile and the partial
equilibrium profile are identical for -L, < x, < L, (figure 2.7).
For a plane with zero upstream inflow (g, = 0), Eq. (2.77) reduces to:



Kinematic-Wave Rainfall-Runoff Formulas 21

(24

o

(Crix jl/ﬁn
y, = 2 (2.78)

Equation (2.78) is the equation for the curve O-B-D in figure 2.6, which is valid for 0 < x,
< L,

2.17. EQUILIBRIUM DETENTION STORAGE
The amount of water that is detained under the equilibrium condition is known as the
equilibrium detention storage (Wong and Li 2000). As the equilibrium detention storage can
be evaluated from a water surface profile or from a rising phase of a hydrograph, the general

formula for the equilibrium detention storage of an overland plane with upstream inflow is
derived using both approaches.

2.17.1. Water Surface Profile Approach
Rearranging Eq. (2.3) gives
q, =C,IL, (2.79)

Substituting Eq. (2.79) into Eq. (2.55) gives:

B,
CilL +x
yo { Il( u 0 )}

(24

o

(2.80)

As shown in figure 2.8, integrating Eq. (2.80) from -L, to L, for x, gives the equilibrium
detention storage, D,,,, for an overland plane of length (L, + L,), which is the shaded areas 4
and B:

. 1/ B,
J N A T AT (2.81)
1+ﬂ0 a,

Similarly, integrating Eq. (2.80) from -L, to 0 for x, gives the equilibrium detention storage,
D,,, for an overland plane of length L,, which is the shaded area 4 in figure 2.8:

g, (ci)”
o ( rj LM(HﬂO)/ﬂO (282)

“ 1+, e,
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The difference between Egs. (2.81) and (2.82) is the equilibrium detention storage, D.,,, for an
overland plane of length L,, which is the shaded area B in figure 2.8:

b, [C’ijm z, +1,

“ 1+ 8\ e,

=

(1+8,)1 8, L (1+8,)/

u

g ] (2.83)

~—

Substituting Eq. (2.3) into Eq. (2.83) gives the equation for the equilibrium detention storage
for a plane with upstream inflow (Wong and Li 2000):

=

_ ﬂo [(qu + CriLo )(1+ﬂ0 )

D, (l+ﬁ )al//)’oc i g (1+ﬂu)/ﬂu] (2.84)

u

For a plane with zero upstream inflow (i.e. ¢, = 0), Eq. (2.84) reduces to:

(1+5,) B, (2.85)

1+5,( a,

~

e
[

»
»

-

u

=

Figure 2.8. Determination of Equilibrium Detention Storage using Water Surface Profile Approach for a
Plane with Upstream Inflow.

2.17.2. Hydrograph Approach

Similar to the derivation using the water surface profile, the upstream inflow, g,, is
considered to be produced by an upstream plane with a time of concentration, ¢,, subject to
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rainfall intensity, i. Substituting ¢ = g, and ¢ = ¢, in Eq. (2.52) gives the upstream inflow, g, in
terms of ¢, as follows:

q,=a,(Cit,) (2.86)

Rearranging Eq. (2.86) gives the time of concentration #, in terms of g,:

15,
;= 9.

u . _1/8,
Cia, 2.87)

Equation (2.87) can also be derived by substituting Eq. (2.3) into Eq. (2.37). As shown in
figure 2.9, integrating (g. - q) from -¢, to ¢, for ¢ gives the equilibrium detention storage, Dy,
for an overland plane of length (L, + L,), which is the shaded areas 4 and B:

Doy = [ (g ~q)ar (.89)

Substituting Egs. [(2.2), (2.35), (2.51) and (2.87)] into Eq. (2.88) and integrating gives:

) 1 e
o = lf,b’ (C — j(qu +CiL, )(1 B,)1 B,
o \ &1, (2.89)

Similarly, by integrating (g, - ¢) from -z, to 0 gives the equilibrium detention storage, D,,, for
an overland plane of length, L,, which is the shaded area 4 in figure 2.9:

D, =[ (q,-q)r (2.90)

u

Substituting Egs. [(2.51), (2.86) and (2.87)] into Eq. (2.90) and integrating gives:

s, 1 (1+8,)/ 5,
Pa 1o\ Cia 7 [ 291

The difference between Egs. (2.89) and (2.91) is the equilibrium detention storage, D.,, for an
overland plane of length, L,, which is Eq. (2.84). It is the shaded area B in figure 2.9.
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Figure 2.9. Determination of Equilibrium Detention Storage using Hydrograph Approach for a Plane
with Upstream Inflow.

2.18. WATER SURFACE PROFILE - FALLING PHASE

During the falling phase, rainfall ceases (i.e. i = 0 for 0 < x, < L,), Eq. (2.49) becomes
(Henderson and Wooding 1964, Overton and Meadows 1976):

dy
—2 =0 2.92
it (2.92)

Integrating Eq. (2.92) gives:
y, = constant (2.93)

Equation (2.93) signifies that water flows out at constant depth. The celerity at which the
water flows out is governed by the kinematic wave celerity, ¢, (Eq. 2.27). Figure 2.10 shows
the successive water surface profiles during the falling phase for a plane without upstream
inflow. Curve O-D is the equilibrium profile at ¢ = ¢, > ¢,, which is identical to the curve O-B-
D in figure 2.6. After a time increment at ¢ = ¢. + A¢, the profile falls and becomes curve O-C.
During the time increment A¢, the water particle a; travels a distance Ax, to a; at constant flow
depth. The distance, Ax,, between points a; and a, can be derived from the kinematic wave
celerity, ¢;. Rearranging Eq. (2.27) gives:

Ax, =a,p,y," " At (2.94)
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The distance between points b; and b; is also given by Eq. (2.94). Since the flow depth for the
b points are larger than those for the a points, the corresponding wave celerity, ¢y, is greater,
and the corresponding distance Ax, is therefore longer, as shown in figure 2.10. At ¢ > ¢, + A¢,
the profile falls further and becomes curve O-B. Finally, at ¢ >> ¢, + At, when all the water
flows out of the plane, the profile falls to the line O-A, which is identical to that in figure 2.6.

1=t,21,.4=4,.Y,=V,

4x, l.i:/l (=, 4= 4p- Vo=

2.104)
—_—

on line (E4-

inflecti

>t + At

At tz>t + At
0 Ld -
X [
LU
I« »

Figure 2.10. Successive Water Surface Profiles during Falling Phase for a Plane without Upstream
Inflow.

Further, figure 2.11 shows the successive water surface profiles for a plane with a
constant upstream inflow during the falling phase. The curve O-O,-G-D is the equilibrium
profile at time #. which is identical to curve O-O,-B-D in figure 2.7. If the rainfall stops over
the entire length (L, + L,), after a time interval Az, the water surface profile falls and becomes
curve O-E-C. However, since the upstream inflow is constant, the curve O-O, is fixed. Hence,
only the curve O,-G-D falls. At time ¢ = ¢. + At, the water surface profile on the plane with a
constant upstream inflow is the curve O,-E-C, and the curve O-E does not exist. At time ¢ > ¢,
+ At, the water surface profile falls further and becomes the curve O,-E-F-B. Finally, at time ¢
>> 1, + At, the discharge reduces to the upstream discharge ¢,. The water surface profile is the
line O,-E-F-A, which is identical to the line O,-A in figure 2.7.
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Figure 2.11. Successive Water Surface Profiles during Falling Phase for a Plane with Upstream Inflow.

As shown in figure 2.11, at time ¢,, the distance x, of any point on the equilibrium profile
(curve O-0,-G-D) can be expressed in terms of flow depth y, by substituting Eq. (2.7) into
Eq. (2.1):

x, =—2ete —du (2.95)

Integrating Eq. (2.27) from (a, yf ° - gq,)/C,i (Eq. 2.95) to x, for x, and from ¢, to ¢ for ¢ gives
the equation for the curve O-E-C:

By _
X, = aoﬁoyoal(z—t,)+(—a(’yoc , q“] (2.96)
rl

For a plane with a constant upstream inflow, Eq. (2.96) is only valid for Ly < x, < L,, where Ly
= length of plane in which the flow is equal to upstream inflow during the falling phase. For
the profile between 0 < x, < Ly it is the line O,-E, i.e.

Vs,
y =y = [q—j (2.97)

Substituting y, = y, and x,= Lyinto Eq. (2.96) gives the equation for L,in terms of y,:
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-1
Lf = aoﬂoyuo (t_tr) (298)
Substituting Eq. (2.97) into Eq. (2.98) gives the equation for L,in terms of g,
1B, 1)/,
Ly=a)’Bql " (~1,) (2.99)

For a plane with zero upstream inflow (g, = 0), Eq. (2.96) reduces to (Wong 2008a):

l

I

B,
_ (24
x,=a,Byl t—1,)+ L (2.100)
C
which is valid for 0 < x, < L, (figure 2.10). Equations (2.96)-(2.100) are only valid for ¢ > ¢,.

2.18.1. Inflection Line

As shown in figure 2.10, the equilibrium water surface profiles (curve O-D) is concave
downwards, while the water surface profile at time t > ¢, + Az (curve O-B) is concave
upwards. Similarly, in figure 2.11, the curve O-O,-D is concave downwards, and the curve O-
F-B is concave upwards. The equation for the inflection line can be derived by first obtaining
the second derivative of Eq. (2.95) with respect to y,:

‘5? =a,B,(8,-1NB, - 2)y) "t —t,)+[wyf”_z} 2.101)
3% Ci

o r

Next, by equating Eq. (2.101) to zero, and equating y, = y; results in:

vi=2=BNe-1,)C,i (2.102)

where y ; = flow depth of the inflection point. Substituting Eq. (2.102) into Eq. (2.96) and
equating x, = x; and y, = y; gives the equation for the inflection line for a plane with upstream
inflow:

B,
2-8 )\ Ci C,i

where x ;= distance x, of the inflection point.
For a plane with zero upstream inflow (¢, = 0), Eq. (2.103) reduces to (Wong 2008a):
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=l
X, = : (2.104)
2-p, \ Ci

Equations (2.103) and (2.104) have been superimposed respectively onto figures 2.10 and
2.11 as dashed lines which are labeled as an inflection line.

2.19. HYDROGRAPH - FALLING PHASE

As shown by Eq. (2.93), during the falling phase, water flows out at constant depth.
Hence, the water particle at G flows out to C at constant depth (figure 2.11). The time
required for the water particle to flow from G to C is in fact the same as the duration of partial
equilibrium discharge, 4, as shown in figure 2.4. Substituting ¢; = ¢ — ¢, and ¢, = ¢ into Eq.
(2.64) gives:

f—t =—— 1 2 (2.105)

Equation (2.105) may also be derived by integrating Eq. (2.26) from ¢, to ¢ (where ¢ > t,) for ¢
and from [(g-¢,)/C,i] to L, for x,. Since the discharge on the overland plane cannot be less
than upstream discharge, Eq. (2.105) is only valid for ¢ > g,. Substituting Eq. (2.28) into Eq.
(2.105) gives the equation for the falling phase (falling limb) of the hydrograph, which is only
valid for ¢ > g,

e
C.i

t - ﬂo ao l/ﬂo q [l_(l/ﬂu )]

4t (2.106)

For a plane with zero upstream inflow (¢, = 0), Eq. (2.106) reduces to:

La B (qj
C.i

t= Ba, VA, o I-0/A,)]

p (2.107)

r

Figures 2.3 and 2.4 show the falling phase (falling limb) of an equilibrium and a partial
equilibrium runoff hydrograph for a plane without and for a plane with upstream inflow,
respectively.
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Chapter 3

3. WORKING FORMULAS FOR FLOW
ON OVERLAND PLANE

In this Chapter, based on the Manning’s equation, the kinematic wave parameters for
flow on an overland plane are derived. By applying these parameters to the general formulas
in Chapter 2, working formulas for the flow depth, flow velocity, average flow velocity, wave
celerity, average wave celerity, time of concentration, design discharge, rising and falling
phases of hydrograph, forward characteristic, rising, equilibrium and falling phases of water
surface profiles, duration of partial equilibrium discharge, and equilibrium detention storage
are also derived.

3.1. KINEMATIC WAVE PARAMETERS

The Manning’s equation is defined as:

AR2/3S1/2
0 R (3.1)

where Q = discharge, 4 = cross-sectional flow area, R = hydraulic radius, S = bed slope and n

= Manning’s roughness coefficient. The hydraulic radius, R, is related to the flow area, 4, as
follows:

A
R=— 3.2
P G2

where P = wetted perimeter.
By considering the overland plane as a rectangular channel, the flow area, A, and the
wetted perimeter, P, are related to the flow depth, y,, as follows:

A=wy, (3.3)
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P=w+2y, (34
Substituting Egs. (3.3) and (3.4) into Eq. (3.2) gives:

R=_ "o

= 70 3.5
w+2y, (3)

Since overland flow depth is usually small as compared to the width of the overland
plane, Eq. (3.5) reduces to:

R=y—2°=y0 (3.6)
14+ e
w

Substituting Egs. (3.3) and (3.6) and Q = Q,, S = S,, n = n, into Eq. (3.1) gives:

12
0, = (SO ]wyf“ (3.7)
n

o

where Q, = discharge of the overland plane, and n, = Manning’s roughness coefficient of the
overland surface. Dividing Eq. (3.7) by w gives the discharge per unit width of the overland
plane, g:

12
qz[sv ]y:“ 68)
n

o

A comparison of Eq. (3.8) with Eq. (2.7) gives the kinematic wave parameters (Chen and
Evans 1977):

S1/2
o, =20 (3.9)
n()
5
B, ==
3 (3.10)

3.2. FLow DEPTH

Rearranging Eq. (3.8) gives the equation for the flow depth for a plane with and without
upstream inflow:
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3/5
n.q
Yo = (Wj (3.11)

3.3. FLow VELOCITY

Substituting Egs. (3.9) and (3.10) into Eq. (2.12) gives the equation for the flow velocity
along the equilibrium profile for a plane with upstream inflow:

SI/Z
n

o

3/5
y= 0.00238[ ] (3.6x10°g, +C,ix, |° (3.12)

For a plane with zero upstream inflow (g, = 0), Eq. (3.12) reduces to:

n

o

12 3/5
v:0.00238( 0 ] (Cix, )? (3.13)

3.4. AVERAGE FLOW VELOCITY

Substituting Egs. (3.9) and (3.10) into Eq. (2.15) gives the equation for the average flow
velocity for a plane with upstream inflow:

2 \¥* .
v =0.00143[S“ j Cr’f/; - (3.14)
n, ) |(3.6x10°q, +C.iL, )" —(3.6x10°, |

o

For a plane with zero upstream inflow (g, = 0), Eq. (3.14) reduces to:

1/2

3/5
vav:o.oo143[ 0 J (ciL,)” (3.15)

n

o

3.5. KINEMATIC WAVE CELERITY

Substituting Egs. (3.9) and (3.10) into Eq. (2.29) gives the equation for the kinematic
wave celerity along the equilibrium profile for a plane with upstream inflow:
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e
n

o

3/5
¢, = 0.00397( ] (3.6x10°g, + C,ix, (3.16)

For a plane with zero upstream inflow (g, = 0), Eq. (3.16) reduces to:

RE 3/5
ck:o.oo397[ 0 J (Cix, }* (3.17)
n

o

3.6. AVERAGE WAVE CELERITY

Substituting Egs. (3.9) and (3.10) into Eq. (2.32) gives the equation for the average wave
celerity for a plane with upstream inflow:

s CiL
caV:0.00238( o ) e | G
n (3.6x10°¢, +C,i L,)" —(3.6x10°, )

o

For a plane with zero upstream inflow (g, = 0), Eq. (3.18) reduces to:

g2 35
¢, :0.00238{ 0 J (C.iL, )" (3.19)

n

o

3.7. TIME OF CONCENTRATION

Substituting Egs. (3.9) and (3.10) into Eq. (2.35) gives the equation for the time of
concentration for a plane with upstream inflow:

3 ‘ COVS ST
. :6‘988( n&zj {(3.6><10 qu+Cr1Lé)3. (3.6x10°,) 520
rl

o

For a plane with zero upstream inflow (g, = 0), Eq. (3.20) reduces to (Woolhiser and
Liggett 1967):

6988 (n,L, )"
e (3.21)

r o
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3.8. DESIGN DISCHARGE

Substituting Eqs. (3.9) and (3.10) into Eq. (2.43) gives the equation for the design
discharge per unit area of the plane for a plane with zero upstream inflow:

_ _ 5b
5-2b
/b
1 aC,
Qd/flﬁ360 ( )3/5 (3.22)
n, 35
6.988 —o | L
SO

3.9. HYDROGRAPH - RISING PHASE

Substituting Egs. (3.9) and (3.10) into Eq. (2.51) gives the equation for the rising phase
(rising limb) of a hydrograph for a plane with upstream inflow:

5/3

/s
S\ (g ’ C it
— o olu + r 3.23
n [55/2 60x10° G239

o

q

For a plane with zero upstream inflow (g, = 0), Eq. (3.23) reduces to:

s oci VP
_ ( r j (3.24)

nO

1 60x10°

Equations (3.23) and (3.24) are valid for ¢ < ¢,.

3.10. FORWARD CHARACTERISTIC - RISING PHASE

Substituting Egs. (3.9) and (3.10) into Eq. (2.53) gives the equation for the forward
characteristic for a plane with upstream inflow:

3/5 6 . BS 6 /5
t:6.988£;?2J {(3.6><10 qu+C,,lxé)3i (3.6><10 qu)3 (3.25)

o

For a plane with zero upstream inflow (g, = 0), Eq. (3.25) reduces to:
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3/5
6.988 (nx]
t= (3.26)

3.11. WATER SURFACE PROFILE - RISING PHASE

Substituting Egs. (3.9) and (3.10) into Eq. (2.55) gives the equation for the rising phase of
the water surface profile for a plane with upstream inflow, which is valid for 0 <x, < L,:

35
y, =0.116x 10{(%](3.& 10°g, + C,ix, )} (3.27)

Substituting Egs. (3.7) and (3.8) into Eq. (2.56) gives the equation for the rising phase of
the water surface profile for a plane with upstream inflow, which is valid for L, < x,< L,.

3/5
v, =0.116x107 HS’:‘&Z ](3.6><106qu +CiL, )} (3.28)

o

From Eq. (2.57), the distance L,, is:

q _qu
L,=3.6x 106[%—.j (3.29)

l

r

For a plane with zero upstream inflow (g, = 0), Egs. (3.27)-(3.29) reduce to:

SI/Z

A
y, = 0.116><10-3(”0C—"’x0j (3.30)

which is valid for 0 < x, < L,

o (3.31)

o

-3 noCrin "
v, =0.116x107| =22

which is valid for L, <x,< L,, and

q
L, =3.6x106(c—pi] (3.32)

r



Kinematic-Wave Rainfall-Runoff Formulas 35

3.12. DURATION OF PARTIAL EQUILIBRIUM DISCHARGE

Substituting Egs. (3.9) and (3.10) into Eq. (2.69) gives the equation for the duration of
partial equilibrium discharge for a plane with upstream inflow:

35 5/3
Cil, . S (ngq, . G,
[3ex10t T S ) T 60x10°
t, =36x10 o 7 (3.33)
S2Cil(ng, C.it,
1/2 + 3
n, S, 60x10
For a plane with zero upstream inflow (g, = 0), Eq. (3.33) reduces to:
ciL, SV ( Cit, jS/ ’
.6x10° 10°
t, =36x10° 3.6x10°  n, 60x 2(/)3 (3.34)
SV i ( Cit, j
n, (60x10°

3.13. HYDROGRAPH - EQUILIBRIUM PHASE

As shown in figures 2.3 and 2.4, the hydrograph may reach partial equilibrium or
equilibrium depending on the duration of rainfall ¢.. If ¢, < ¢,, the hydrograph reaches partial
equilibrium with a constant discharge g,,. If ¢, > f,, the hydrograph reaches equilibrium with a
constant discharge g..

3.13.1. Partial Equilibrium Discharge

Substituting Egs. (3.9) and (3.10) into Eq. (2.72) gives the equation for the partial
equilibrium discharge for a plane with upstream inflow:

5/3

D=0 1S ) Te0x10° |

o

For a plane with zero upstream inflow (g, = 0), Eq. (3.35) reduces to:

s cit, \”
“=7, [60;1b3j (330
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Equations (3.35) and (3.36) are valid for 7, < ¢ < (¢, + ).

3.13.2. Equilibrium Discharge

From Eq. (2.75), the equation for the equilibrium discharge for a plane with upstream

inflow is:

C.iL
_Trt7o (3.37)

=q +
1= ™3 6510

For a plane with zero upstream inflow (g, = 0), Eq. (3.37) reduces to:

Cil,
Te =3 6x10° (3.38)

Equations (3.37) and (3.38) are valid for 7, < ¢ < ¢,.

3.14. WATER SURFACE PROFILE - EQUILIBRIUM PHASE

Substituting Egs. (3.9) and (3.10) into Eq. (2.77) gives the equation for the equilibrium
water surface profile for a plane with upstream inflow between 0 < x, < L,:

3/5
y, = 0.116><103K ;;;2 ](3.6><106qu +Cix, )} (3.39)

o

For a plane with zero upstream inflow (g, = 0), Eq. (3.39) reduces to:

3/5
4 nClix
y,=0.116x10 3( USI;Z j (3.40)

o

which is also valid for 0 < x, < L,,.

3.15. EQUILIBRIUM DETENTION STORAGE

Substituting Eqgs. (3.9) and (3.10) into Eq. (2.84) gives the equation for the equilibrium
detention storage for a plane with upstream inflow:
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» 3/5
D = 72.8C><%0 (;};zj [(3.6><106qu +C,iL, )8/5 _(3.6><10661u )8/5] (3.41)
1

For a plane with zero upstream inflow (g, = 0), Eq. (3.41) reduces to:

12
o

3/5
D, =72.8x10°° (”—J RS (3.42)

3.16. WATER SURFACE PROFILE - FALLING PHASE

Substituting Egs. (3.9) and (3.10) into Eq. (2.96) gives the equation for the falling phase
of the water surface profile for a plane with upstream inflow, which is valid for Ly < x, < L,:

( 1/2 5/3]

o o —q

/2., 2/3 n u

X, =100.0[S”¢J(z—t}_)+ 3.6x10° °__ (3.43)
n Ci

o r

From Eq. (2.97), the equation for the profile between 0 <x, < Lj, is:

35
v = 0.116x10‘3H;72 J(3.6x106qu )} (3.44)

o

Substituting Eqs. (3.9) and (3.10) into Eq. (2.99) gives the equation for the distance L, for a
plane with upstream inflow, which is valid for ¢ > ¢,

Si2 " 2/5
Lf:0.238[ : J (3.6x10°, 7 (c-2,) (3.45)

n

o

For a plane with zero upstream inflow (g, = 0), Eq. (3.43) reduces to:

V2. 23
X, = (%J{loo(z —t)+3.6% 10{%}} (3.46)

n l

o r

which is valid for 0 < x, < L,, and ¢ > ¢,.
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3.17. HYDROGRAPH - FALLING PHASE

Substituting Egs. (3.9) and (3.10) into Eq. (2.106) gives the equation for the falling phase
(falling limb) of a hydrograph for a plane with upstream inflow.

n, Y [ciL, ~3.6x10°(g—q,)
£=0.0100 —2 o T2 70| 44 (3.47)
SY? C.ig”"” ’

o r

For a plane with zero upstream inflow (g, = 0), Eq. (3.47) reduces to:

3/5 . 6
t=0.0100[;1‘;2j [C’ZL”C%'E/:IO q}tt, (3.48)
A4

o
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Chapter 4

4. GENERAL FORMULAS FOR
FLOW IN OPEN CHANNEL

In this Chapter, based on the kinematic wave theory, the general formulas for flow area;
flow velocity; average flow velocity; wave celerity; average wave celerity; time of travel,
rising, equilibrium and falling phases of hydrograph; forward characteristic; rising,
equilibrium and falling phases of flow area profiles; duration of partial equilibrium discharge;
and equilibrium detention storage for flow in an open channel are derived.

4.1. FLow CONDITIONS

Consider an open channel of length L., subject to a uniformly distributed lateral inflow
qr, and with a constant upstream inflow Q,, the discharge in channel, (., along the
equilibrium water surface profile of the channel is:

Qc = Qu + quc (41)

where x. = distance along the channel in the direction of flow. Substituting x. = L. into
Eq. (4.1) gives the discharge Q, at the end of the channel at equilibrium, i.e.

Qe = Qu + qLLc (42)

Further, the upstream inflow, Q,, can be considered to be contributed by an imaginary
channel of length L,, which is situated immediately upstream of the channel of length L.. This
imaginary upstream channel is also subject to a uniformly distributed lateral inflow ¢, but
with zero upstream inflow. At the outlet point of this upstream channel and at equilibrium, the
discharge is Q,. Substituting Q.= Q,, O, = 0 and L. = L, into Eq. (4.2) gives the length of the
upstream channel, L, in terms of the upstream inflow, Q,,, as follows:

; -9 (4.3)

! q;
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Figure 4.1 shows the upstream channel, the open channel, and the equilibrium water
surface profile.

Lateral
Inflow

1
1
1
Upstream !
Channel !

Open Channel

L

c

F 3

I~
¥y
Y

Figure 4.1. Upstream and Open Channels with Equilibrium Water Surface Profile.

4.2. DYNAMIC WAVE EQUATIONS

The mechanics of unsteady open channel flow with a lateral inflow contribution can be
expressed mathematically by the Saint Venant equation. Derived from the principles of
continuity and momentum, the equations are (Chow et al 1988):

% + a& — (4 4)
o ox, I '
2
L% 1 9[0Q +%—(sc—sf)=o 4.5)
gAC at gAC ax(,' AL’ ax(' .

where 4. = channel flow area, ¢ = time, g = acceleration due to gravity, S. = channel bed slope
and Sy = friction slope. The assumptions inherent in Eqgs. (4.4) and (4.5) are (DeVries and
MacArthur 1979):

1. The flow is one dimensional (i.e. velocity varies in the longitudinal direction only).
This implies that the velocity is constant and the water surface is horizontal across
any section perpendicular to the longitudinal axis.

2. All flows are gradually varied with hydrostatic pressure prevailing at all points in the
flow such that all vertical acceleration within the water column can be neglected.
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The longitudinal axis of the channel can be approximated by a straight line (i.e. there
is no secondary circulation).

The slope of the channel bed is small.

The bed of the channel is fixed (i.e. the effects of scour and deposition are
negligible).

Resistance to flow can be described by empirical resistance formulas, such as
Manning’s equation.

The fluid is incompressible and homogeneous in density.

The momentum carried to the fluid from the lateral inflow is negligible.

The momentum equation (Eq. 4.5) consists of five terms, namely local acceleration,
convective acceleration, pressure force, gravity force and friction force, each representing a
physical process that governs the flow momentum described as follows:

1.
2.
3.

The acceleration terms represent the effect of velocity change over time and space.
The pressure force term represents the effect of flow depth change.

The gravity force term S, is proportional to the channel bed slope and accounts for
the change in bed level.

The friction force term Sy is proportional to the friction slope and accounts for the
friction loss for the flow in an open channel.

4.3. KINEMATIC WAVE EQUATIONS

If the backwater effect is negligible and there is no rapid change in flow, the acceleration
and pressure terms in Eq. (4.5) may be neglected (Stephenson 1981, Wong 1992), and the
momentum equation reduces to:

Se =58 (4.6)

Equations (4.4) and (4.6) are called the “kinematic wave equations”. Equation (4.6) shows
that the channel bed slope is parallel to the friction slope, which means that the kinematic
wave is under the uniform flow condition. Hence, Eq. (4.6) can be replaced by the general
uniform flow equation, which is:

0, =a A (4.7)

where o, and f. = kinematic wave parameters relating Q. to 4...

4.4. FLOW AREA

Rearranging Eq. (4.7) gives the equation for the flow area, 4., in terms of the discharge,
0., as follows:
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1/5.
A = (QJ (4.8)
aC

4.5. FLoOw VELOCITY

From continuity, the flow velocity, v, is related to the channel discharge, Q., as follows:
y=== 4.9)

Substituting Eq. (4.7) into Eq. (4.9), the velocity, v, becomes:
v=a,A4"" (4.10)

Substituting Eq. (4.8) into Eq. (4.10) gives the equation for the velocity, v, in terms of
channel discharge, Q.:

e (achﬂc—l )W’“ @.11)

Substituting Eq. (4.1) into Eq. (4.11) gives the equation for the flow velocity along the
equilibrium profile for a channel with upstream inflow:

v=le(0, + a5 " 4.12)

For a channel with zero upstream inflow (Q, = 0), Eq. (4.12) reduces to:

v=la (g, x ) 1" @13)

4.6. AVERAGE FLOW VELOCITY

Further, the average flow velocity, v,,, over the length of the open channel, L., can be
derived as follows:

v, == (4.14)
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Substituting Eq. (4.12) into Eq. (4.14) and integrating (1/v) gives the equation for the average
flow velocity for a channel with upstream inflow:

— - ac'l/ﬂc qLLc _
plo, +a.0.)" -0, |

(4.15)

vav

For a channel with zero upstream inflow (Q,= 0), Eq. (4.15) reduces to:

o I/ﬂ[‘qLL

v, = —ﬁ (4.16)
ﬂc (qLLc )I/ﬂc

4.7. KINEMATIC WAVE CELERITY

Differentiating Eq. (4.7) with respect to ¢ gives:

o0 poi 04
_=c _ A ¢ < 4.17
ot @ P A, ( ot j @17

Rearranging Eq. (4.17) gives:

o4, 1 00,
= - (4.18)
at ac ﬁc Ac g at

Substituting Eq. (4.18) into Eq. (4.4), the continuity equation becomes:

BRCAIRCAR
l:acﬂc/lcﬂ‘l [ ot j:l +( ox, j — 4 (4.19)

Kinematic waves result in changes in Q. which is dependent on both x. and ¢, and the
increment in flow rate dQ, can be written as:

o0 o0
dQ, =—=dt+—=dx 4.20
0. o o e (4.20)

c

Dividing Eq. (4.20) by dx.:

a0, _(20.),[o0.( a .
dx, ox, ot \ dx, '
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If

= _=< 4.22
q; p 4.22)

and

dt 1
dx(' aCﬂCACﬂC_l

(4.23)

then Eq. (4.19) and Eq. (4.21) are identical. Differentiating Eq. (4.7) with respect to A,

dQC = acﬂcAcﬁfl (424)

dA,
Comparing Eq. (4.23) and Eq. (4.24) gives:

dQ. _ dx,

4.25
dd.  dt (32

Since kinematic wave celerity, ¢y, is:

¢, = d; (4.26)

Substituting Eq. (4.25) into Eq. (4.26) gives:

dx, dQ £l
:—C :—C :a“AC 427
K dt dA e *27

c

Substituting Eq. (4.8) into Eq. (4.27) gives:

¢, = B.la.0r )" (4.28)

Substituting Eq. (4.1) into Eq. (4.28) gives the equation for the wave celerity along the
equilibrium profile for a channel with upstream inflow:

¢, =B, [ac (0, +q,x. )" ]1/@. (4.29)

For a channel with zero upstream inflow (Q, = 0), Eq. (4.29) reduces to:
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¢ = Alalg,x Y] (4.30)
4.8. AVERAGE WAVE CELERITY

The average wave celerity, c,,, over the channel length, L., can be derived as follows:

¢, = (4.31)
Jidx

o Ck

Substituting Eq. (4.29) into Eq. (4.31) and integrating (1/c;) gives the equation for the average
wave celerity for a channel with upstream inflow:

/8.
ac qLLL’
Cp = A 7 (4.32)
(Qu + qLLc ) - Qu
For a channel with zero upstream inflow (Q, = 0), Eq. (4.32) reduces to:
_ pot |17
Cop = [Ofc (9,L.) ] (4.33)

4.9. TIME OF TRAVEL

The time of travel in channel, #, can be obtained by dividing channel length, L., by the
average wave celerity, c,,, as follows:

t, = =< (4.34)
C

av

Substituting Eq. (4.32) into Eq. (4.34) gives the equation for the time of travel for a channel
with upstream inflow, (Wong 2001):

wa L VP _o VA
= 1 (Qu qL L’) Qu (435)

a, qr

For a channel with zero upstream inflow (Q, = 0), Eq. (4.35) reduces to, (Wooding 1965,
Wong and Chen 1989):
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1B,
Lc
ach

Further, for the upstream channel of length L,, substituting L. = L, into Eq. (4.36) gives the
time of travel, #,, of the upstream channel:

I 1/ 8,
t, = (ﬁJ (4.37)
ach

4.10. HYDROGRAPH - RISING PHASE

Expanding the partial derivative, (GQC /ox, ) into total derivative results in:

09, _ do, (ach @38)

ox, dA, \ ox,

Substituting Eq. (4.27) into Eq. (4.38) gives:

00 04
90, _ c 4.39
Oox “ ox, (439

c

Substituting Eq. (4.39) into Eq. (4.4) gives:

04 04

C C

C
or " ox

=q, (4.40)

c

Differentiating A, with respect to x. and ¢

.= GAC dt + 8Ac dxc (4.41)
ot ox

c

dA

Dividing Eq. (4.41) by dt and substituting Eq. (4.27) into it:

dA, O0A, 04,
=—t+tc, (4.42)
dt ot ox,

Comparing Eqs. (4.40) and (4.42) gives:
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a4, _ (4.43)
it qr .

Integrating Eq. (4.43) from (Qu / a, )l/ﬂ “to A. for A. and 0 to ¢ (where ¢ < ¢,) for ¢ gives:

/8.
4= [Q—j +4q,! (4.44)

(24

c

Substituting Eq. (4.44) into Eq. (4.7) gives the equation for the rising phase (rising limb) of
the hydrograph for a channel with upstream inflow for # < ¢,:

ﬂC

Q 1/,
Qc = ac (_”J + th (445)

o

For a channel with zero upstream inflow (Q, = 0), Eq. (4.45) reduces to:
0.=a.(q,1)" (4.46)

Figures 4.2 and 4.3 show the rising phase (rising limb) of an equilibrium and a partial
equilibrium runoff hydrographs for a channel without and for a channel with upstream inflow,
respectively. If the hydrographs in figure 4.3 are shifted by a distance ¢, to the right, they
become the same as those in figure 4.2.

4
1, (Eq. 4.36) |
X T (Eq.4.70)
Ol mmm
i i
1 )
i i
1 )
; ; ..
v 1 23
(Eq. 4.67) ! %y
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Figure 4.2. Equilibrium and Partial Equilibrium Runoff Hydrographs for a Channel without Upstream
Inflow.
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#,(Eq. 4.35)

(Eq. 4.69)

Q:.’

T

3 t, for partial t;
(Eq. 4.37) | equilibriuvm hydrograph | (Eq. 4.63)
[

Iy for equilibrium hydrograph

'y
h 4

Figure 4.3. Equilibrium and Partial Equilibrium Runoff Hydrographs for a Channel with Upstream
Inflow.

4.11. FORWARD CHARACTERISTIC - RISING PHASE

Substituting Eq. (4.1) into Eq. (4.45) gives the equation for the forward characteristic for
a channel with upstream inflow:

1[0, +g,x.)"" -0,

1/ 5.
a, qr

t=

(4.47)

The forward characteristic traces the time it takes for the wave to travel downstream. With the

kinematic wave equations (Eqgs. 4.4 and 4.6), there is no backward characteristic, and this is

why the kinematic wave approximation cannot simulate the backwater effect (Section 4.3).
For a channel with zero upstream inflow (Q, = 0), Eq. (4.47) reduces to:

1/ B.
X

t= —Cﬁ'c—l (448)
ach

As shown in figure 4.4, the forward characteristic commences at the upstream end of the
channel (x. = 0), the time it takes for the wave to travel the length of the channel, L., equals to
the time of travel in channel, ¢ (Eqs. 4.35 and 4.36).
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Figure 4.4. Forward Characteristics for Channels without and with Upstream Inflow.

4.12. FLow AREA PROFILE - RISING PHASE

Figure 4.5 shows the successive flow area profiles during the rising phase for a channel
subject to a uniform lateral inflow only, without upstream inflow, At ¢ = 0, the profile is the
line O-A, corresponding to Q. = 0 and 4. = 0. At time interval 0 < ¢ < ¢, the flow depth
increases and the profile becomes the curve O-B-C. This is a partial equilibrium profile
corresponding to the partial equilibrium discharge, O,. The length, L, contributes to the
discharge, O,, which corresponds to the flow area, 4,. Finally, at # > ¢, the flow area increases
even further and the profile reaches equilibrium. The equilibrium profile is the curve O-B-D.
The length, L. contributes to the equilibrium discharge, Q., which corresponds to the flow
area, A,.

AC
F
D _ -
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:
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]
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i
B Eq. (4.53) !

f :O 1<t EC:NPAA(:AIF
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: :
1 ]
! :
1 ]
: :
! :

o i A:IiO.QC:O.AC:O
.
L, (Eq. 4.54) | L, ¢
P »
L:

Figure 4.5. Successive Flow Area Profiles during Rising Phase for a Channel without Upstream Inflow.
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Figure 4.6 shows successive flow area profiles during the rising phase for a channel
subject to a uniform lateral inflow and with a constant upstream inflow. The upstream inflow,
0., which corresponds to the flow area, 4,, is considered to be contributed by an upstream
channel of length, L,. Hence at ¢t = 0, the water area profile is the curve O-O,-A. At time
interval 0 < ¢ < ¢, the flow area increases and the profile becomes the curve O-O,-B-C. This
is a partial equilibrium profile corresponding to the partial equilibrium discharge, O,. The
length (L, + L,) contributes to the discharge, O,, which corresponds to the flow area, 4,.
Finally, at ¢ > #,, the flow area increases even further and the profile reaches equilibrium. The
equilibrium profile is the curve O-O,-B-D. The length (L, + L) contributes to the equilibrium
discharge, Q,, which corresponds to the flow area, 4..

From figure 4.6, it is apparent that the flow area profile (curve O-O,-B) within the length,
(Lu + Lp), is identical to the equilibrium flow area profile (curve O-O,-B-D). Substituting Eq.
(4.1) into Eq. (4.7) gives the equation for the profile between —L, <x. < L,:

15,
A = (—Q“ 4% J (4.49)
o

c

Substituting 4. = 4, and x, = L, into Eq. (4.49) gives the equation for the profile between L,
<x.<L.:

1/p
+q,L, )"
Ap:(—Q“ L ”] (4.50)

a

c

Substituting Q. = O, and x. = L, into Eq. (4.1) gives the distance L,

9,9,
q:

L

p

(4.51)

If the profiles in figure 4.6 are shifted by a distance, L, to the right, they become the
same as those in figure 4.5 which are for a channel with zero upstream inflow (Q, = 0). For
such a case, Egs. (4.49)-(4.51) reduce to:

1/ .
4 = (Mj (4.52)

o

c

which is valid for 0 <x. < L,

/5.
L c
4, = (qL ”j (4.53)

o

c
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which is valid for L, <x. < L, and

L,= % (4.54)
L

Equation (4.53) can also be derived by substituting A. = 4, and x. = L, into Eq. (4.52).

AC
Fs
D
. t=1,.0.=0,,4.=4,
1
1
:
B Eq. (4.50) :
; 1 0<1<1,.0,=0p. 4.4,
S ! H
oh ‘ 1
A5 ! i
| i
! ]
: i
| i
O . Al
u : 11=0.0,=0,.4,=4,
' 1
i '
i 1
(o} —
L L | L, (Eq 451) | i, |
[ L] Ldh >
LC

4

Figure 4.6. Successive Flow Area Profiles during Rising Phase for a Channel with Upstream Inflow.

4.13. DURATION OF PARTIAL EQUILIBRIUM DISCHARGE

In figure 4.6, the curve O-O,-B-C is the partial equilibrium flow area profile
corresponding to the partial equilibrium discharge, Q,. The duration of the partial equilibrium
discharge, #,, is the time taken for the water particle to travel from B to C, and is therefore
related to the length, L,, and the kinematic wave celerity, ¢, as follows:

Ld
t,==2 (4.55)

L,=L —L (4.56)

Substituting Eq. (4.56) into Eq. (4.55) gives:
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t,=—+ (4.57)

Substituting Eq. (4.51) into Eq. (4.57) gives:

e
t, = qLc 9. (4.58)
k

Substituting Q. = O, and 4. = 4, into Eqgs. (4.7) and (4.27) gives:
— B.
0,=a.4, (4.59)
and
B.-1
¢, =a,pA, (4.60)

Substituting Eqgs. (4.59) and (4.60) into Eq. (4.58) gives:

Be
Lc_(acAp HQMJ
q; qr

= 4.61)
d B.-1 (
apA,
Substituting 4. = 4, and ¢ = ¢, into Eq. (4.44) gives:
/8.
A = % +q,t (4.62)
p a qL q .

where ¢, = duration of lateral inflow. Substituting Eq. (4.62) into Eq. (4.61) and rearranging
gives the duration of partial equilibrium discharge for a channel with upstream inflow:

1/B.
chL + u _ac (QMJ +thq
(24

c

Q 1/ﬁ4‘
acﬂch ( au j + thq

c

Be

t, =

e (4.63)




Kinematic-Wave Rainfall-Runoff Formulas 53

For a channel with zero upstream inflow (Q, = 0), Eq. (4.63) reduces to:

Be-1 ¢ Pe
4 (4.64)

acﬂc (thq )ﬂu -

Lc _ach
t, =

Substituting Eq. (4.36) into Eq. (4.64) gives #, in terms of #;:

(-t

t, ="t
ﬂc_l
ﬂctq

(4.65)

The duration of partial equilibrium discharge, #;, for a channel without and for a channel
with upstream inflow are shown in figures 4.2 and 4.3, respectively.

4.14. HYDROGRAPH - EQUILIBRIUM PHASE
As shown in figures 4.2 and 4.3, the hydrograph may reach partial equilibrium, or
equilibrium depending on the duration of lateral inflow, #,. If #, < #, the hydrograph reaches

partial equilibrium with a constant discharge, Q). If t, > ¢,, the hydrograph reaches equilibrium
with a constant discharge, Q..

4.14.1. Partial Equilibrium Discharge

Substituting ¢ = ¢, (where ¢, < #,) into Eq. (4.45) gives the equation for the partial
equilibrium discharge for a plane with upstream inflow:

B

0 1/B.
0,=a, (—j +q,t, (4.66)

which is valid for 7, <t < (¢, + 1)
For a channel with zero upstream inflow (Q, = 0), Eq. (4.66) reduces to:

0,=a.q,,)" (4.67)

4.14.2. Equilibrium Discharge

Substituting ¢ = ¢, into Eq. (4.45) gives the equilibrium discharge Q,:
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ﬂ()

0 1/ 4.
Qe =a, (a”j +4q,t, (4.68)

c

which is valid for # < ¢ < #,. Substituting Eq. (4.35) into Eq. (4.68) gives the equation for the
equilibrium discharge for a plane with upstream inflow:

0,=0,+q,L, (4.69)

For a channel with zero upstream inflow (Q, = 0), Eq. (4.69) reduces to:

0, ,=q,L, (4.70)

4.15. FLow AREA PROFILE - EQUILIBRIUM PHASE

As shown in figure 4.6, the curve O-O,-B-D is the equilibrium water surface profile.
Substituting Eq. (4.1) into Eq. (4.7) gives the equation for the profile between -L, <x.< L. :

/B,
+4q,Xx,
4 = Q. tq.x. 4.71)
a,
Equation (4.70) is identical to Eq. (4.49) because the equilibrium profile and the partial
equilibrium profile are identical for -L, < x. < L, (figure 4.6).
For a channel with zero upstream inflow (Q, = 0), Eq. (4.71) reduces to:

1/,
4 = (q_] Wi

o

c

Equation (4.71) is the equation for the curve O-B-D in figure 4.5, which is valid for 0 <x.
<L.

4.16. EQUILIBRIUM DETENTION STORAGE

The amount of water that is detained under the equilibrium condition is known as the
equilibrium detention storage (Wong and Li 2000). As the equilibrium detention storage can
be evaluated from a flow area profile or from a rising phase of a hydrograph, the general
formula for the equilibrium detention storage of a channel with upstream inflow is derived
using both approaches.
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4.16.1. Flow Area Profile Approach
Rearranging Eq. (4.3) gives:
0,=q,L, (4.73)

Substituting Eq. (4.73) into Eq. (4.49) gives:

1/ 4,
A — |:qL(Lu +xc):|

c
(24

c

(4.74)

As shown in figure 4.7, integrating Eq. (4.74) from -L, to L. for x. gives the equilibrium
detention storage for an open channel of length (L, + L), which is the shaded areas 4 and B:

1/B,
D, = L(Q_LJ (L, +L, )(1% VB 4.75)
I+p.\ a, '

Similarly, integrating Eq. (4.73) from —L, to 0 for x. gives the equilibrium detention storage
for an open channel of length, L,, which is the shaded area A4 in figure 4.7:

1/,
» — ﬂc q_L Lu(1+ﬁc)/ﬁc (476)
1+p.\a,

The difference between Egs. (4.75) and (4.76) is the equilibrium detention storage for an open
channel of length, L., which is the shaded area B in figure 4.7:

(1+4.)/ B, ] 477)

u

1/,
ﬂc (q_Lj [(L +L‘)(1+ﬂa)/ﬁ(- .y 5

“1+p\a,

Substituting Eq. (4.3) into Eq. (4.77) gives the equation for the equilibrium detention storage
for a channel with upstream inflow:

(1+5.)/ B, (1+5.)/ .
+q,L -
— IBC {(QM qL C) QM (478)

D
“ (1 + IBC )czcl/ﬂC QL

For a channel with zero upstream inflow (i.e. O, = 0), Eq. (4.78) reduces to:

1/B.
B. (CI_L ] 7048015, (4.79)

ec_1+ﬁc ac ¢



56 Tommy S.W. Wong

:

.

N 2\

=]
~

2}

Figure 4.7. Determination of Equilibrium Detention Storage using Flow Area Profile Approach for a
Channel with Upstream Inflow.

4.16.2. Hydrograph Approach

Similar to the derivation using the water surface profile, the upstream inflow, Q,, is
considered to be produced by an upstream channel with time of travel, #,, subject to a uniform
lateral inflow into the channel, g;. The upstream inflow, Q,, is then related to #; as follows:

B.
0, =a.(q,1,) (4.80)
Substituting Eq. (4.3) into Eq. (4.37):

1/B.
t, = Qou[”ﬂ (4.81)
qL c ‘

At equilibrium (x. = L.), Eq. (4.1) becomes:
0.=0,+q,L (4.82)

where Q. = equilibrium channel discharge. As shown in figure 4.8, integrating (Q. - O.) from
-t, to ¢, for ¢ gives the equilibrium detention storage for an open channel of length (L, + L.),
which is the shaded areas 4 and B:
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D, =" (0.-0. )
\ (4.83)

Substituting Egs. [(4.35), (4.45), (4.81) and (4.82)] into Eq. (4.83) and integrating gives:

=

Yoy

1
Deuc = lfcﬂ ( O{l/ﬂc
e \ 4% (4.84)

Similarly, by integrating (Q, - Q.) from -z, to 0 gives the equilibrium detention storage for an
open channel of length L,, which is the shaded area 4 in figure 4.8:

D, =[ (0,-0.)i 89)

Substituting Eqgs. [(4.45), (4.79) and (4.80)] into Eq. (4.85) and integrating gives:

Deu — ﬂc 1]/ Qu(l‘*'ﬂc
1 + ﬂc qLac pe

The difference between Eqgs. (4.84) and (4.86) is the equilibrium detention storage, D,. for an
open channel of length L., which is Eq. (4.78). It is the shaded area B in figure 4.8.

G

(Eq. 4.78)
N

=

/

- (4.86)

o

.
»

A

/%
.

4

N\
\
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A,

.

“u

>

.
o
r\-:‘-*

Figure 4.8. Determination of Equilibrium Detention Storage using Hydrograph Approach for a Channel
with Upstream Inflow.
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4.17. FLOW AREA PROFILE - FALLING PHASE

During the falling phase, lateral inflow ceases (i.e. g, = 0 for 0 < x. < L.), Eq. (4.43)
becomes:

dA,

—=0 4.87
7 (4.87)

Integrating Eq. (4.87) gives:
A, = constant (4.88)

Equation (4.88) signifies that water flows out at constant flow area. The celerity at which the
water flows out is governed by the kinematic wave celerity, ¢, (Eq. 4.27). Figure 4.9 shows
the successive flow area profiles during the falling phase for a channel without upstream
inflow. Curve O-D is the equilibrium profile at ¢ = #, > ¢, which is identical to the curve O-B-
D in figure 2.6. After a time increment at ¢ = £, + At, the profile falls and becomes curve O-C.
During the time increment Az, the water particle g, travels a distance Ax, to a; at constant flow
area. The distance, Ax,, between points a; and a;, can be derived from the kinematic wave
celerity, ¢;. Rearranging Eq. (4.27) gives:

Ax, =a . A" At (4.89)

The distance between points b; and b, is also given by Eq. (4.89). Since the flow area for the b
points are larger than those for the a points, the corresponding wave celerity, ¢, is greater,
and the corresponding distance Ax, is therefore longer, as shown in figure 4.9. At ¢ > ¢, + At,
the profile falls further and becomes curve O-B. Finally, at # >> ¢, + At, when all the water
flows out of the channel, the profile falls to the line O-A, which is identical to that in figure
4.5.

Further, figure 4.10 shows the successive flow area profiles for a channel with a constant
upstream inflow during the falling phase. The curve O-O,-G-D is the equilibrium profile at
time #, which is identical to curve O-O,-B-D in figure 4.6. If the lateral inflow stops over the
entire length (L, + L,), after a time interval A¢, the flow area profile falls and becomes curve
0-E-C. However, since the upstream inflow is constant, the curve O-O, is fixed. Hence, only
the curve, O,-G-D, falls. At time ¢ = ¢, + At, the flow area profile on the channel with a
constant upstream inflow is the curve O,-E-C, and the curve O-E does not exist. At time ¢ > ¢,
+ At, the flow area profile falls further and becomes the curve O,-E-F-B. Finally, at time ¢ >>
ty + At, the discharge reduces to the upstream discharge, 0,. The flow area profile is the line
O.-E-F-A, which is identical to the line O,-A in figure 4.6.
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1=1,21,.,0,=0,.4.~4,

C

Ax, éf/i = rq+z1'r s QC:QD .A(:Ap

. 4 99
inflection line i E‘q.j-.‘}_ 34

B

A

Figure 4.9. Successive Flow Area Profiles during Falling Phase for a Channel without Upstream Inflow.
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Figure 4.10. Successive Flow Area Profiles during Falling Phase for a Channel with Upstream Inflow.

As shown in figure 4.10, at time ¢,, the distance x. of any point on the equilibrium profile
(curve O-0O,-G-D) can be expressed in terms of flow area 4. by substituting Eq. (4.7) into Eq.
(4.1):

A ﬂc —
x, =Ll T8 0, (4.90)
q,
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Integrating Eq. (4.27) from l_(acAﬂ =0, )/ q LJ (Eq. 4.90) to x. for x. and from ¢, to # (where ¢

> t,) for ¢ gives the equation for the curve O-E-C:

ﬂ(? —_
&;=aJiAj”*Q—Q)+(3£i;——QKJ (4.91)
q

For a channel with a constant upstream inflow, Eq. (4.91) is only valid for Ly < x. < L., where
Ly = length of channel in which the flow equals to upstream inflow during the falling phase.
For the profile between 0 < x, < L it is the line O,-E, i.e.

/8.
A =4, = (&J (4.92)

(24

c

Substituting 4. = 4, and x. = Lyinto Eq. (4.91) gives the equation for L,in terms of 4,
— £,-1
L =a,B A" (-1, (4.93)
Substituting Eq. (4.92) into Eq. (4.93) gives the equation for L,in terms of Q,:
/B, 1)/ 8.
L =l g 00— o9
For a channel with zero upstream inflow (Q, = 0), Eq. (4.91) reduces to:

B A B
&=%@4@%—Q+%c (4.95)
q,

which is valid for 0 < x. < L. Equations (4.91)-(4.95) are valid for ¢ > ¢,.

4.17.1. Inflection Line

As shown in figure 2.10, the equilibrium flow area profile (curve O-D) is concave
downwards, while the flow area profile at time t > ¢, + At (curve O-B) is concave upwards.
Similarly, in figure 4.10, the curve O-O,-D is concave downwards, and the curve O-F-B is
concave upwards. The equation for the inflection line can be derived by first obtaining the
second derivative of Eq. (4.90), with respect to 4.:

I g g (BN - 20" (i1, ){“Cﬂ ACAS Vi } (4.96)
q;
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Next, by equating Eq. (4.96) to zero and equating 4. = 4; results in:
4=02-p)\ -1, Ja, (4.97)

where 4; = flow area of the inflection point. Substituting Eq. (4.97) into Eq. (4.91) gives the
equation for the inflection line for a channel with upstream inflow:

2o He)
2-8. N 4, q,

where x; = distance x, of the inflection point.
For a channel with zero upstream inflow (Q, = 0), Eq. (4.98) reduces to:

)
X = —— (4.99)
2 _ﬁc qL

Equations (4.98) and (4.99) have been superimposed respectively onto figures 4.9 and
4.10 as dashed lines, which are labeled as inflection lines.

4.18. HYDROGRAPH - FALLING PHASE

As shown by Eq. (4.88), during the falling phase, water flows out at constant flow area,
hence, the water particle at G flows out to C at constant flow area (figure 4.10). The time
required for the water particle to flow from G to C is in fact the same as the duration of partial
equilibrium discharge, 74, as shown in figure 4.3. Substituting #; = ¢ — ¢, and O, = O. into Eq.

(4.58) gives:
e
q,

t—t = (4.100)
Cr

Equation (4.99) may also be derived by integrating Eq. (4.26) from ¢, to ¢ (where ¢ > t,) for ¢
and from [(Q.-0.,)/q.] to L. for x.. Since the discharge in the channel cannot be less than
upstream discharge, Eq. (4.100) is only valid for Q. > Q,. Substituting Eq. (4.28) into Eq.
(4.100) gives the equation for the falling phase (falling limb) of the hydrograph, which is only
valid for 0. >Q,:

Lc_(Qc—Quj
1. +t (4.101)

- /B 1)/ B.
al B ﬂcggﬂ )/ B, q
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For a channel with zero upstream inflow (Q, = 0), Eq. (4.101) reduces to

o
q;

=B =
al’ oY

+1, (4.102)

Figures 4.2 and 4.3 show the falling phase (falling limb) of an equilibrium and a partial
equilibrium runoff hydrograph for a channel without and for a channel with upstream inflow,
respectively.
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Chapter 5

5. WORKING FORMULAS FOR FLOW
IN CIRCULAR CHANNEL

In this Chapter, based on the Manning’s equation, the kinematic wave parameters for
flow in a circular channel are derived. By applying these parameters to the general formulas
in Chapter 4, working formulas for the flow depth; flow velocity; average flow velocity; wave
celerity; average wave celerity; time of travel; rising, equilibrium and falling phases of
hydrograph; forward characteristic; rising, equilibrium and falling phases of water surface
profiles; duration of partial equilibrium discharge; and equilibrium detention storage are also
derived.

5.1. KINEMATIC WAVE PARAMETERS

For flow in a circular channel, the flow area 4., and the wetted perimeter, P, are related to
the diameter of circular channel D, and the water surface angle 6, as follows:

2

A, :%(Q—Sinﬁ) (5.1)
D@

p=" 5.2
> (5:2)

Figure 5.1 shows the circular channel with diameter D, water surface angle 6, and flow depth
V.. Substituting Egs. (5.1) and (5.2) and 9=Q,., S=S., A =A4., n = n.into Eq. (3.1) gives:

1/2 1 8/3 o 5/3
QC=0.O496(S“ D J{(‘g sin6) } (5.3)

2/3
n 0

c
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centre

Ve

Figure 5.1. Cross-section of Circular Channel.

For full flow condition in a circular channel (i.e. @ = 2x), Egs. (5.1) and (5.3) become:

xD?
Ay = e (5.4)
12 83
QmH20312{£L———J (5.5)

where A;; = flow area under full flow condition, and Qs = discharge under full flow
condition. Dividing Eq. (5.3) by Eq. (5.5) and Eq. (5.1) by Eq. (5.4) give:

g_ﬁLvaﬂmmm}

0 7 (5.6)
Sfull

4. _ (6—sin6) (5.7)
A_full 2r

Equations (5.6) and (5.7) are considered to be the true relationship between discharge and
flow area for flow in a circular channel. This true relationship is shown in figure 5.2, and it is
apparent that the discharge reaches a maximum under the partially full flow condition.
Differentiating Q. with respect to 6 in Eq. (5.3) gives:

12 18/3 s 2/3 .
CZ—%:O.OMS(S" D J(@ Zmej (2S;n0—500s0+3j (5.8)
n

c
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------ True relationship for circular channel

Kinematic wave relationship with £, = 5/4
and O, at 0.9234,, or 0.87D

max ©

1.0F

0.8F

= full

e

04}

4

0 il ! I I I I I I !
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A /4.,

c

fuull

Figure 5.2. Comparison between True and Kinematic Wave Relationships for Flow in Circular Channel.

Equating Eq. (5.8) to zero shows that the maximum discharge, QO,..x, occurs at 8 = 5.278 rad
(or 302.4°). Substituting 8 = 5.278 rad into Eq. (5.6) gives:

Qo _1 076 (5.9)

Sull

Substituting Eq. (5.5) into Eq. (5.9) gives:

S]/2

n

c

0, =0.335D%" (5.10)

To evaluate the kinematic wave parameters . and f. using the same method that was
used by Harley et al (1970), the parameters ¢, and £. are related to Q,,,, and A,,,,, as follows:

O = X AL .11)

O max

where Agyae = flow area under maximum discharge condition. Further, relating 4 ¢y, to D
through a parameter y:
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AQmax ( 2)
V= 5.1
D2
Substituting D in Eq. (5.4) into Eq. (5.12) gives a relationship between y and Ag:
omer (5.13)
V= '
4A_/u11

Substituting Egs. (5.10) and (5.12) into Eq. (5.11) gives a relationship between a. and y:

0.335D®22 | g1
a, = o (5.14)
V4 ¢ n

c

Equation (5.14) shows that the value of a. is dependent on the value of y, which is dependent
on the flow area Agmax (Eq. 5.16). To identify the values of . and 4., Eq. (4.7) is divided by
Eq. (5.11):

B.
A

2 = < (5.15)

Qmax AQmax
Substituting Egs. (5.9) and (5.13) into (5.15) gives:
B, Be
A

<2 1.076(1j ‘ (5.16)
0 full 4y A_ full

Wong and Zhou (2003) fitted the kinematic wave relationship (Eq. 5.19) to the true
relationship (Egs. 5.7 and 5.8), and found that the best fit occurs at Agma/Asu= 0.923 (which
corresponds t0 ygmo/D = 0.87 where yome = flow depth under maximum discharge
condition), y = 0.725, and f. = 5/4, as shown in figure 5.2. Substituting f. = 5/4 and y = 0.725
into Eq. (5.14), gives the kinematic wave parameters, which are valid for y. < 0.87D:

(5.17)

1/2 41/6
a, = o.sol[&]

n

c

B = (5.18)
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5.2. FLow DEPTH

For flow in a circular channel, the flow depth, y., is related to D and 9, as follows:

D o
V.= 3{1 - COS(EH (5.19)

Equating 6 in Eq. (5.19) to that in Eq. (5.1), and by curve fitting results in the following
equation relating 4. to y.:

2 3 2
A =270 o8 2e | 1801 2| 40397 2= (5.20)
4 D D D
Substituting Egs. (5.17) and (5.18) into Eq. (4.7) gives:
S1/2D1/6
0, = 0.501(6— A (5.21)
nC

Substituting Egs. (5.20) into Eq. (5.21) gives:

1/2 18/3 3 2 54
0, =0.370] 32| _1.108 2= | +1.801 L= | +0.397 L= (5.22)
n, D D D

Rearranging Eq. (5.22) gives the equation for the flow depth for a channel with and without
upstream inflow:

3 2 4/5
1108 2o ) w1801 2o | 10397 2o | 22013 L (5.23)
D D D

S;/ZDS/?)

5.3. FLow VELOCITY

Substituting Eqs. (5.17) and (5.18) into Eq. (4.12), gives the equation for the flow
velocity along the equilibrium profile for a channel with upstream inflow:

12 /6 \ 3
v:0.575(Sc D ] 0, +q,x.)" (5.24)
n

c
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For a channel with zero upstream (Q, = 0), Eq. (5.24) reduces to:

12 /6 45
V= 0.575(S"n—j (quL, )1/5 (5.25)

c

5.4. AVERAGE FLOW VELOCITY

Substituting Egs. (5.17) and (5.18) into Eq. (4.15) gives the equation for the average flow
velocity for a channel with upstream inflow:

4/5
S1,/2D1/6
‘ qLLc

0. 460(
n
= ¢ (5.26)

Var = (Qu +4q LLc )4/5 o Q“4/5

For a channel with zero upstream inflow (Q, = 0), Eq. (5.26) reduces to:

12 16 \ Y3
vaV:0.46O[%j (q,L,)" (5.27)

c

5.5. KINEMATIC WAVE CELERITY

Substituting Egs. (5.17) and (5.18) into Eq. (4.29) gives the equation for the wave celerity
along the equilibrium profile for a channel with upstream inflow:

12 /6 \ Y3
¢, =0.7 19(%} 0, +¢,x.)" (5.28)

c

For a channel with zero upstream inflow (Q, = 0), Eq. (5.28) reduces to:

12 1/ 45
¢, =0.7 19[‘9611—] (q,x.)" (5.29)

c

5.6. AVERAGE WAVE CELERITY

Substituting Egs. (5.17) and (5.18) into Eq.(4.32) gives the equation for the wave celerity
for a channel with upstream inflow:
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4/
sz pls
0.575( € , q,L,
Co = (Q +q L )4/5 —Q 4/5 (530)
u L™ ¢ u
For a channel with zero upstream inflow (Q, = 0), Eq. (5.30) reduces to:
4/
§2plis
¢, = 0.575( — (¢,L,)" (5.31)

5.7. TIME OF TRAVEL

Substituting Egs. (5.17) and (5.18) into Eq. (4.35) gives the equation for the time of travel
for a channel with upstream inflow:

45 4/5 4/5
L —
t, =0.0290) — 7 ©,+q,L)" -0, (5.32)
S/°D q,

c

For a channel with zero upstream inflow (Q, = 0), Eq. (5.32) reduces to:

(00290 .1, . 53
t qi/s SC1/2D1/6 ’

5.8. HYDROGRAPH — RISING PHASE

Substituting Eqgs. (5.17) and (5.18) into Eq. (4.45) gives the equation for the rising phase
(rising limb) of the hydrograph for a channel with upstream inflow:

5/4

Sl/2D1/6 n Q 45
0. :0.501(CH—J 1.738[51/31)“1/6} +60q,t (5.34)

c

c

For a channel with zero upstream inflow (Q, = 0), Eq. (5.34) reduces to:

1/2 11/6
0. = 83.66(%}(@)5/4 (5.35)

c

Equations (5.34) and (5.35) are valid for ¢ < ¢,.
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5.9. FORWARD CHARACTERISTIC - RISING PHASE

Substituting Egs. (5.17) and (5.18) into Eq. (4.47) gives the equation for the forward
characteristic of the rising phase for a channel with upstream inflow:

4/ 4/5  4/5
(= 0.0290(51 /?z)l “j {(Q" +g,%)" 0] } (5.36)
c QL

For a channel with zero upstream inflow (Q, = 0), Eq. (5.36) reduces to:

(00200 nx )"
= qZS Scl/le/é (5.37)

5.10. WATER SURFACE PROFILE — RISING PHASE

Substituting Egs. (5.17) and (5.18) into Eq. (4.49) gives the equation for the rising phase
of the flow area profile for a channel with upstream inflow, which is valid for 0 < x, < L,:

4/5
4, —1738&& 1/6](Q q,x )} (5.38)

Substituting Egs. (5.20) into Eq. (5.38) gives the equation for the rising phase of the water
surface profile for a channel with upstream inflow, which is valid for 0 < x. < L,:

3 2 4/5
yC yC yC
-1 195(5j + 1.801(Bj + 0.397( Dj 2. 213{(WJ(QU +q,x, )} (5.39)

Substituting Egs. (5.16) and (5.17) into Eq. (4.50) gives the equation for the rising phase of
the flow area profile for a channel with upstream inflow, which is valid for L, <x. < L.:

4/
4 —1738[( 575 1/6J(Q q,L )} (5.40)

Substituting 4. = 4,, and y. = y, into Eq. (5.20), and then substituting it into Eq. (5.40) gives
the equation for the rising phase of the water surface profile for a channel with upstream
inflow, which is valid for L, < x. < Lg:



Kinematic-Wave Rainfall-Runoff Formulas 71

3 2 4/5
y y y n,
1. 195(3”J + 1.801&’} + 0.397(3”J = 2.213{(W}(Qu +q,L, )} (5.41)

From Eq. (4.51), the distance L,, is:

Lp = M (5.42)
qr
For a channel with zero upstream inflow (Q, = 0), Egs. (5.38)-(5.42) reduce to:
45
n.4q.x
3 2 na.x 4/5
~1.195) 2= | +1.801[ 2= | +0.397) 2= | = 2213 el (5.44)
D D D SV D%
which are valid for 0 <x.<L,,
45
nchL
4,= 1'738(5”/2—1)1/@ (5.45)
3 2 na L 4/5
1195 22 | +1.801 22 | +0.397 22 | =2.213 Sedite (5.46)
D D D s> D3
which are valid for L, < x. < L, and
L, = 9, (5.47)
q.

5.11. DURATION OF PARTIAL EQUILIBRIUM DISCHARGE

Substituting Egs. (5.17) and (5.18) into Eq. (4.63) gives the equation for the duration of
partial equilibrium discharge for a channel with upstream inflow:
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5/4

g2 e 45
chL+Qu—0.501( - j 1.738(91/31)“1/6} +60q,1,

nC c
— 5.48)
d 1/4 (
/5
S:*D"q n0, |
37.58(}” 1.738 S +60thq
For a channel with zero upstream inflow (Q, = 0), Eq. (5.41) reduces to:
1/2 1/6
L - 83.66(5"”?]@/46/4
g = S1/2D1/06 (549)
104.59( - ](thq )4

5.12. HYDROGRAPH - EQUILIBRIUM PHASE

As shown in figures 4.2 and 4.3, the hydrograph may reach partial equilibrium or
equilibrium depending on the duration of lateral inflow #,. If #, < #,, the hydrograph reaches
partial equilibrium with a constant discharge Q,,. If ¢, > #;, the hydrograph reaches equilibrium
with a constant discharge Q..

5.12.1. Partial Equilibrium Discharge

Substituting Eqs. (5.17) and (5.18) into Eq. (4.66) gives the equation for the partial
equilibrium discharge for a channel with upstream inflow:

5/4

g2 e n0 45
0, ZO.SOI(‘n—J 1.738(@) +60q,1, (5.50)

c c

For a channel with zero upstream inflow (Q, = 0), Eq. (5.50) reduces to:

g2 pls
0, = 83.66(”’1— (g2, " (5.51)

Equations (5.50) and (5.51) are valid for ¢, <t < (¢, + 1)
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5.12.2. Equilibrium Discharge

From Eq. (4.69), the equation for the equilibrium discharge for a channel with upstream

inflow is:
0.=0,+q,L. (5.52)
For a channel with zero upstream inflow (Q, = 0), Eq. (5.52) reduces to:
(5.53)

Qe = qLLc

Equations (5.52) and (5.53) are valid for #, <t < ¢,.

5.13. WATER SURFACE PROFILE - EQUILIBRIUM PHASE

Substituting Eqgs. (5.17) and (5.18) into Eq. (4.71) gives the equation for the equilibrium
flow area profile for a channel with upstream inflow between —L, < x. < L.:

4/5
n,
A =173 8{&1/2—2)1/6}(@ +q,x, )} (5.54)

c

Substituting Eqgs. (5.20) into Eq. (5.54) gives the equation for the rising phase of the water
surface profile for a channel with upstream inflow, which is valid for —L, < x. < L.:

3 2 4/5
yC y(,‘ yC — n(.‘
-1. 195(5j + 1.801(BJ + 0.397[Bj = 2.213KWJ(Q, +q,x, )} (5.55)

For a channel with zero upstream inflow (Q, = 0), Egs. (5.54) and (5.55) reduce to:

4/5
n.q.X,

c

3 2 4/5
4,195(%) +1.801(%j +0.397(%j=2.213(%) (5.57)

c

which are valid for 0 < x.< L,.
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5.14. EQUILIBRIUM DETENTION STORAGE

Substituting Egs. (5.17) and (5.18) into Eq. (4.78) gives the equation for the equilibrium
detention storage for a channel with upstream inflow:

4/ 9/5 9/5

n +q,L —

De(,=0.966(sl/2;)1/6j {(Q“ a.L)" -0, } (5.58)
c qL

For a channel with zero upstream inflow (i.e. O, = 0), Eq. (5.58) reduces to:

9/4 \¥3
D, = 0'966(Mj (5.59)
5.15. WATER SURFACE PROFILE — FALLING PHASE

Substituting Egs. (5.17) and (5.18) into Eq. (4.91) gives the equation for the falling phase
of the flow area profile for a channel with upstream inflow, which is valid for Ly < x, < L.:

12 3 1/6 45/4
S]/2D1/6A1/4 |:0501( Sc Dn Ac J:| - Qu
—J(t 1, )+ :

n q:

c

x, = 37.58( (5.60)

Substituting Eq. (5.20) into Eq. (5.60) gives the equation for the falling phase of the water
surface profile for a channel with upstream inflow, which is valid for L, <x. < L.:

/4

112 12/3 3 2
x,=35.38 5P| 1105 2| w1801 2| 10397 2= ]| (-1
n, D D D ¢
1/2 83 3 2 o 5.61
03700 S| _1 195 Yo | 41801 2= | +0.307 2 ]| l-o (>61)
n, D D D

q

J’_

From Eq. (4.92), the equation for the flow area profile between 0 < x. < Lyis:
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NE K

c

4/5
A = 1.738["€—Q"J (5.62)

Substituting Eq. (5.20) into Eq. (5.62) gives the equation for the falling phase of the water
surface profile for a channel with upstream inflow, which is valid for 0 < x. < Ly

3 2 4/5
1103 2o | w1801 Ze | 4 0.307 2o | 22013 L (5.63)
D D D SV D3

Substituting Eqs. (5.17) and (5.18) into Eq. (4.94) gives the equation for the distance L for a
channel with upstream inflow, which is valid for ¢ > #;:

/s
§V2pis 4
2= | 0¥(-1,) (5.64)

n

c

L =43.15(

For a channel with zero upstream inflow (Q, = 0), Egs. (5.60) and (5.61) reduce to:

12 3 1/6 45/4
0.501 S, DA
Sl/2D1/6Al/4 n
X, =37.58 ————— (t_tq)+ : (5.65)
n, q,
12 1y2/3 3 ) 1/4
xC=35.38(SC D J{_l.ws(%j +1.801(%} +0.397[%j] (e-2,)
nC
1/2 8/3 3 ) 5/4
0370 5D —1.195(”} +1.801[ij +o.397[ch (5.66)
n, D D D

q;

which are valid for 0 <x. < L.

5.16. HYDROGRAPH - FALLING PHASE

Substituting Eqs. (5.17) and (5.18) into Eq. (4.101) gives the equation for the falling
phase (falling limb) of a hydrograph for a channel with upstream inflow:
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4/5
0.0232 -
t:( 15 ]( 1/;10 1/6] Lc_(Qc QM] +1,
Qc Sc D qL

For a channel with zero upstream inflow (Q, = 0), Eq. (5.67) reduces to:

4/
0.0232

t:( 5 j( 1/?6 1/6) Lc_[QCJ +i,
Qc Sc D qL

(5.67)

(5.68)
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Chapter 6

6. WORKING FORMULAS FOR FLOW
IN PARABOLIC CHANNEL

In this Chapter, based on the Manning’s equation, the kinematic wave parameters for
flow in a parabolic channel are derived. By applying these parameters to the general formulas
in Chapter 4, working formulas for the flow depth; flow velocity; average flow velocity; wave
celerity; average wave celerity; time of travel; rising, equilibrium and falling phases of
hydrograph; forward characteristic; rising, equilibrium and falling phases of water surface
profiles; duration of partial equilibrium discharge; and equilibrium detention storage are also
derived.

6.1. KINEMATIC WAVE PARAMETERS

For the parabolic channel as shown in figure 6.1, the channel section can be described
mathematically by:

2
X

= 6.1
4H D

y

where y = height above the channel invert, x = semi-width at height y, and A = height of focal
point above channel invert. From mathematics, the flow area 4. can be related to x and H, as
follows:

g =X (6.2)
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focalpoint

= V' N
H
Ve
v A

Figure 6.1. Cross-section of Parabolic Channel.

The arc length, L,, of the parabola can be derived by integrating Eq. (6.1), as follows:

/2

L, = [l +a?]” :j{u(%ﬂ dx (6.3)

Upon integration, the arc length, L,, of the parabola is:

L, = {@}[xz +(2H Y In(x'+Z )] (6.4)
where
z =|euy + x| (6.5)
—x
Y= (6.6)
and
Z’=%=(1+x’2)l/2 6.7)

In Eq. (6.4), the trigonometric equivalent of the logarithmic term is:
1n(x'+Z’) =sinh™ (x') (6.8)

Equation (6.6) is defined as the dimensionless ratio of the flow semi-width to focal semi-
width.
As derived from Eq. (6.4), the wetted perimeter P being twice the arc length L, is:
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1
P=|— [xz+(2H)2 1n(x'+z')] (6.9)
2H
Dividing Eq. (6.9) by (2H) gives the equation in a dimensionless form, as follows:
’ P ! ’ ’
P'=—=x'Z'"+In(x'+Z') (6.10)
2H
To eliminate x in Egs. (6.2)-(6.10), Eq. (6.2) is converted to a dimensionless form, as follows:
A x’ x"

= _ _ 6.11
" (HY 302H)VH 15 (@10

Rearranging Eq. (6.11) gives:
3 13
X'= (5 4, ] =1.145(4,")" (6.12)

Substituting Eq. (6.12) into Eq. (6.7) gives:
=1+ 1311(a77]” 6.13)
Substituting Egs. (6.8), (6.12) and (6.13) into Eq. (6.10) gives:
P=1.145(4,) [+ 131104, + sinh 1. 145(4, )" | (6.14)

To expand Eq. (6.14) into a series, the following series expansions are used:

(1+x'2)1/2 :1+lx'2—lx'4+Lx'6— ...... (6.15)
2 8 16

sinh ™ (x') = PEILEVC IR VL B (6.16)
6 40 112

Equations (6.15) and (6.16) are only valid for x < 1. Substituting Egs. (6.15) and (6.16) into
Eq. (6.14), and cancelling the higher order terms, the equation becomes:

P'=2x (6.17)

Substituting Eq. (6.12) into Eq. (6.17) gives:



80 Tommy S.W. Wong

P'=2290(4,")" (6.18)

Substituting Egs. (6.10), and (6.11) into Eq. (6.18) gives a relationship between P and 4., as
follows:

P =2.885(HA, )" (6.19)
Brady (1983) showed that Eq. (6.19) is valid for

X' <0.6 (6.20)

As x is related to the top width, T, as:

X = Z (6.21)
2

and T is related to the flow depth, y., as:

T =4(Hy, )" (6.22)
Substituting Egs. (6.20)-(6.22) into Eq. (6.6) gives:

y.<0.18B (6.23)
Substituting Eq. (6.19) and 9= Q., S=S., A =A., n=n. into Eq. (3.1) gives:

_ Si/z 13/9
Q. = 0.493(mj/16 (6.24)

A comparison of Eqs. (6.24) with Eq. (4.7) gives the kinematic wave parameters (Brady
1983), which are valid for y. < 0.18H:

g2
a, = 0.493( nCHZ/gj (6.25)

B.o=— (6.26)
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6.2. FLow DEPTH

For flow in a parabolic channel, the flow area A, is related to the flow depth y., and the
parabola’s focal height H, as follows (Jan 1979):

QH V2,2
A =20 Fe 6.27)
3
Substituting Eq. (6.27) into Eq. (6.24) gives:
SI/ZHI/Z
0, = 2.033(0— ylye (6.28)

Rearranging Eq. (6.28) gives the equation for the flow depth for a channel with and without
upstream inflow:

Q 6/13
nc’ C
6.3. FLow VELOCITY

Substituting Egs. (6.25) and (6.26) into Eq. (4.12) gives the equation for the flow velocity
along the equilibrium profile for a channel with upstream inflow:

Sl/z 9/13
v= 0.613(’1 ;12/9] 0, +q,x. )" (6.30)

i 9/13
V= 0.613(”;1—’2/9J (g,x,)"" (6.31)

6.4. AVERAGE FLOW VELOCITY

Substituting Egs. (6.25) and (6.26) into Eq. (4.15) gives the equation for the average flow
velocity for a channel with upstream inflow:
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g2 9/13

= - (6.32)
(Qu + qLLc )9/13 - Ql?/13

av

For a channel with zero upstream inflow (Q, = 0), Eq. (6.32) reduces to:

1/2

9/13
v, = o.424(“;—’2/9J (q,L.)" (6.33)

c

6.5. KINEMATIC WAVE CELERITY

Substituting Egs. (6.25) and (6.26) into Eq. (4.29) gives the equation for the wave celerity
along the equilibrium profile for a channel with upstream inflow:

12

9/13
nl—l—z/g] 0, +q,x.)" (6:34)

c

¢, = 0.885(

For a channel with zero upstream inflow (Q, = 0), Eq. (6.34) reduces to:

NG 9/13
¢, = 0.885(’”‘{—'2/9] (g,x, )" (6.35)

6.6. AVERAGE WAVE CELERITY

Substituting Eqs. (6.25) and (6.26) into Eq. (4.32) gives the equation for the average
wave celerity for a channel with upstream inflow:

Nk 9/13
0.613[192/9J q,L,

n
= - (6.36)

(Qu + qLLc )9/13 B Q3/13

av

For a channel with zero upstream inflow (Q, = 0), Eq. (6.36) reduces to:

1/2

9/13
c, = 0.613[WJ (q,L.)" (6.37)

n

c
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6.7. TIME OF TRAVEL

Substituting Egs. (6.25) and (6.26) into Eq. (4.35) gives the equation for the time of travel
for a channel with upstream inflow:

/13 9/13

HY° 9 va L YR _oos

‘) :0.0272[”c - J (0, +4,L.)" -0, (6.38)
S q;

c

For a channel with zero upstream inflow (Q, = 0), Eq. (6.38) reduces to:

0.0272 [ncHz/"Lc T/ :
= (6.39)
q

t 4/13 1/2
L/ Sc/

6.8. HYDROGRAPH — RISING PHASE

Substituting Egs. (6.25) and (6.26) into Eq. (4.45) gives the equation for the rising phase
(rising limb) of the hydrograph for a channel with upstream inflow:

13/9

g2 n H2/9Q 913
0. = 0.493(’161;—2/9] 1.639[WJ +60q,t (6.40)

For a channel with zero upstream inflow (Q, = 0), Eq. (6.41) reduces to:

S1/2 13/9
0 = 182.5[}1 5 J(th) / (6.41)

Equations (6.40) and (6.41) are valid for # < ¢,.

6.9. FORWARD CHARACTERISTIC - RISING PHASE

Substituting Egs. (6.25) and (6.26) into Eq. (4.47) gives the equation for the forward
characteristic of the rising phase for a channel with upstream inflow:

/13 13
P 9 913 ~o/13
t= 0.0272( & 7 J 9,3 +Q,)"" -0, (6.42)
S qr

c

For a channel with zero upstream inflow (Q, = 0), Eq. (6.42) reduces to:
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0.0272 Y n.H*x. )"
= q4/13 i (6.43)
L c

6.10. WATER SURFACE PROFILE — RISING PHASE

Substituting Egs. (6.25) and (6.26) into Eq. (4.49) gives the equation for the rising phase
of the flow area profile for a channel with upstream inflow, which is valid for 0 <x. < L,:

2 9/13
A =1.632 ( Csz j(Qu +q,x,) (6.44)

c

Substituting Eq. (6.27) into Eq. (6.44) gives the equation for the rising phase of the water
surface profile for a channel with upstream inflow, which is valid for 0 < x, < L,:

6/13
y, = 0,721{(51 Erae J(Q” +q,x, )} (6.45)

Substituting Egs. (6.25) and (6.26) into Eq. (4.50) gives the equation for the rising phase of
the flow area profile for a channel with upstream inflow, which is valid for L, <x. < L.:

e 9/13
A, =1.632 (W (0, +4,L,) (6.46)

Substituting 4. = 4, and y. = y, into Eq. (6.27) and then substituting it into Eq. (6.46) gives
the equation for the rising phase of the water surface profile for a channel with upstream
inflow, which is valid for L, < x. < L.:

6/13
- 0. 721&51/? = J(Q +q,L, )} (6.47)

From Eq. (4.51), the distance L, is:

0,70,
q,

L

P

(6.48)

For a channel with zero upstream inflow (Q, = 0), Egs. (6.44)-(6.48) reduce to:
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A = 1.632{%}9/13 (6.49)
n.q,x. "

Y. =072 I(WJ (6.50)

which are valid for 0 <x, <L,
[nCHZ/quLp ]9/13

A4, =1.632 i (6.51)

v, =0.72 1[%}6/13 (6.52)
which are valid for L, <x. < L., and

L, = f—j (6.53)

6.11. DURATION OF PARTIAL EQUILIBRIUM DISCHARGE

Substituting Egs. (6.25) and (6.26) into Eq. (4.63) gives the equation for the duration of
partial equilibrium discharge for a channel with upstream inflow:

Sl/z . HZ/QQ 9/13 13/9
chL + Qu — 0493(nlflz/9j 1632(65*1/Zuj + 60thq
t, = - g e (6.54)
/13
Sq nH'0,
42.73(}1 L 1632 BB 60g,,

For a channel with zero upstream inflow (Q, = 0), Eq. (6.54) reduces to:
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SV 0.1
c 4/9 ,13/9
LC—182.5(n o qu t!

1/2

263. 6( 2/9J( t, )

(6.55)

6.12. HYDROGRAPH - EQUILIBRIUM PHASE

As shown in figures 4.2 and 4.3, the hydrograph may reach partial equilibrium or
equilibrium depending on the duration of lateral inflow #,. If #, < t,, the hydrograph reaches
partial equilibrium with a constant discharge Q,. If ¢, > #, the hydrograph reaches equilibrium
with a constant discharge Q..

6.12.1. Partial Equilibrium Discharge

Substituting Eqgs. (6.25) and (6.26) into Eq. (4.66) gives the equation for the partial
equilibrium discharge for a channel with upstream inflow:

13/9

g2 " H2/9Q 913
0, = 0.49?{”;[—2/9J 1.639[%] +60q,1, (6.56)

c

For a channel with zero upstream inflow (Q, = 0), Eq. (5.56) reduces to:
/2

SC
Qp = 1825(721{—2/9)(th‘1 )13/9 (657)

Equations (5.56) and (5.57) are valid for ¢, < ¢ < (¢,+ 1,).

6.12.2. Equilibrium Discharge

From Eq. (4.69), the equation for the equilibrium discharge for a channel with upstream
inflow is:

0,=0,+q,L. (5.58)
For a channel with zero upstream inflow (Q, = 0), Eq. (5.58) reduces to:

0,=q,L. (5.59)
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Equations (5.58) and (5.59) are valid for #, <t < ¢,.

6.13. WATER SURFACE PROFILE - EQUILIBRIUM PHASE

Substituting Egs. (6.25) and (6.26) into Eq. (4.71) gives the equation for the equilibrium
flow area profile for a channel with upstream inflow between —L, <x. < L,:

p H2/9 9/13
A =1.632 [WJ(Q +q,x,) (6.60)

c

Substituting Eq. (6.27) into Eq. (6.60) gives the equation for the equilibrium water surface
profile for a channel with upstream inflow, which is valid for —-L, <x. < L,:

6/13
nC
Ve = 0721{(@)(@ +q,x, )} (6.61)

For a channel with zero upstream inflow (Q, = 0), Egs. (6.60) and (6.61) reduce to:

/13
A, =1.632 TZL (6.62)
r 6/13
n.qpx.
y, =0.721 (SVZ—JL{VZH (6.63)

which are valid for 0 < x. < L.

6.14. EQUILIBRIUM DETENTION STORAGE

Substituting Egs. (6.25) and (6.26) into Eq. (4.78) gives the equilibrium detention storage
for a channel with upstream inflow:

/13
P 9 IV _ o2
D, = 0.964[”" 1 J 0. +4,L.) Q. (6.64)

sh? qr

c

For a channel with zero upstream inflow (Q, = 0), Eq. (6.64) reduces to:
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S]/Z

" Hz/gq 9/13
D, = 0.964{"—L] " (6.65)

6.15. WATER SURFACE PROFILE — FALLING PHASE

Substituting Egs. (6.25) and (6.26) into Eq. (4.91) gives the equation for the falling phase
of the flow area profile for a channel with upstream inflow, which is valid for Ly <x. < L..

Sl/2A13/9
0493 °= " 1|0,
S1/2A4/9 ) ncH
t l‘q +

x, =42.73| ——— [\t —
C (n H2/9 ( qL

c

(6.66)

Substituting Eq. (6.27) into Eq. (6.66) gives the equation for the falling phase of the water
surface profile for a channel with upstream inflow, which is valid for L, <x. < L.:

Y2 V2,136
2.033 2« e ||
S1/2y2/3 n,
x, = 66.08 2« e[tz )+ (6.67)
n, q;
From Eq. (4.92), the equation for the flow area profile between 0 <x. < Lyis:
9/13

nUHz/ngl

Substituting Eq. (6.27) into Eq. (6.68) gives the equation for the falling phase of the water
surface profile for a channel with upstream inflow, which is valid for 0 <x. < Lg

0 6/13
nC u
y, =072 I[WJ (6.69)

c

Substituting Eqgs. (6.25) and (6.26) into Eq. (4.94) gives the equation for the distance L for a
channel with upstream inflow, which is valid for ¢ > #;:
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NG 9/13
L, =53 12(";[—2/9] 0 (t-1,) (6.70)

For a channel with zero upstream inflow (Q, = 0), Egs. (6.66) and (6.67) reduce to:

K 12 413/9 T
0.493 SCi
12 44/9 nCHZ/‘)
X, =427 S (-12,)+ . (6.71)
c L
I 1
N V2 pri/2,,1306 ]
- 2.033(" ; Ye
X, = 66.08(4}& —1, )+ d (6.72)
nc qL

which are valid for 0 <x,. <L,

6.16. HYDROGRAPH - FALLING PHASE

Substituting Egs. (6.25) and (6.26) into Eq. (4.101) gives the equation for the falling
phase of a hydrograph for a channel with upstream inflow:

0.0188(n )" 0 -0
= e L - == 1, (6.73)
Qc Sc qL

For a channel with zero upstream inflow (Q, = 0), Eq. (6.73) reduces to:

0.0188(n 7" 0.
1= Q4/13 le/z L - q_c +1, (6.74)
c c L
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Chapter 7

7. WORKING FORMULAS FOR FLOW IN
RECTANGULAR (DEEP) CHANNEL

In this Chapter, based on the Manning’s equation, the kinematic wave parameters for
flow in a rectangular (deep) channel are derived. By applying these parameters to the general
formulas in Chapter 4, working formulas for the flow depth; flow velocity; average flow
velocity; wave celerity; average wave celerity; time of travel; rising, equilibrium and falling
of hydrograph; forward characteristic; rising, equilibrium and falling phases of water surface
profiles; duration of partial equilibrium discharge; and equilibrium detention storage are also
derived.

7.1. KINEMATIC WAVE PARAMETERS

For flow in a rectangular channel, the flow area 4., and the wetted perimeter P, are
related to the channel width 7, and the flow depth y., as follows:

A, =Wy, (7.1)
P=W+2y. (7.2)
Substituting Egs. (7.1) and (7.2) and 4 = 4. into Eq. (3.2) gives:

1%
R=—Ye (7.3)
W+2y.

Rearranging Eq. (7.3) gives:

(7.4)
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For a rectangular deep channel, as shown in figure 7.1, y. >> W and Eq. (7.4) reduces to:

R~— (7.5)

<

Ve

w

)

Figure 7.1. Cross-section of Rectangular (Deep) Channel.

Substituting Eq. (7.5)and Q = Q., S =S, A = 4., n = n.into Eq. (3.1) gives:

127772/3
0 = 0.630[%}46 (7.6)
n

c

A comparison of Eq. (7.6) with Eq. (4.7) gives the kinematic wave parameters (Wong 2002,
Wong and Zhou 2006):

(7.7)
n

c

127772/3
a, = o.&o[ﬂj

p.=1 (7.8)



Kinematic-Wave Rainfall-Runoff Formulas 93

7.2. FLow DEPTH

Substituting Egs. (7.1) into Eq. (7.6) gives:

(7.9)
n

c

Y27775/3
QC=0.630[—SC W yj

Rearranging Eq. (7.9) gives the equation for the flow depth for a channel with and
without upstream inflow:

y = 1.587("C—Q”j (7.10)

7.3. FLOwW VELOCITY

Substituting Egs. (7.7) and (7.8) into Eq. (4.12) gives the equation for the flow velocity
along the equilibrium profile for a channel with and without upstream inflow:

(7.11)
n

c

121772/3
V= 0.630(S”—WJ

7.4. AVERAGE FLOW VELOCITY

Substituting Egs. (7.7) and (7.8) into Eq. (4.15) gives the equation for the average flow
velocity for a channel with and without upstream inflow:

(7.12)

1/21772/3
- 0.630(&_W]

n

c

7.5. KINEMATIC WAVE CELERITY

Substituting Egs. (7.7) and (7.8) into Eq. (4.29) gives the working equation for the wave
celerity along the equilibrium profile for a channel with and without upstream inflow:

(7.13)

127772/3
¢, = 0.630(%j

n

c
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7.6. AVERAGE WAVE CELERITY
Substituting Eqgs. (7.7) and (7.8) into Eq. (4.32) gives the working equation for the

average wave celerity for a channel with and without upstream inflow:

(7.14)
n

c

1/21772/3
. 0.630[%_W]
7.7. TIME OF TRAVEL

Substituting Egs. (7.7) and (7.8) into Eq. (4.35) gives the formula for the time of travel
for a channel with and without upstream inflow:

t, =0. 0265(”C—LCJ (7.15)

S;/ZWZ/:;

7.8. HYDROGRAPH — RISING PHASE

Substituting Egs. (7.7) and (7.8) into Eq. (4.45) gives the equation for the rising phase of
the hydrograph for a channel with upstream inflow:

1/271772/3
0 = o.&o[ﬂ} 587(51’7;—%2/3] + 60th} (7.16)

c

For a channel with zero upstream inflow (Q, = 0), Eq. (7.16) reduces to:

127372/3
0 = 37.80[SCH—WJqu (7.17)

c

Equations (7.16) and (7.17) are valid for ¢ <¢,.

7.9. FORWARD CHARACTERISTIC - RISING PHASE

Substituting Eqs. (7.7) and (7.8) into Eq. (4.47) gives the equation for the forward
characteristic of the rising phase for a channel with and without upstream inflow:
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nx
t=0. 0265(Wj (7.18)

7.10. WATER SURFACE PROFILE — RISING PHASE
Substituting Egs. (7.7) and (7.8) into Eq. (4.49) gives the equation for the rising phase of

the flow area profile for a channel with upstream inflow, which is valid for 0 < x. < L)

A, =1 587(S TR ](Qu x,) (7.19)

c

Substituting Eq. (7.1) into Eq. (7.19) gives the equation for the rising phase of the water
surface profile for a channel with upstream inflow, which is valid for 0 < x. < L,:

S1/2W5/3 ](Qu + quc) (7.20)

y. =1. 587(

Substituting Egs. (7.7) and (7.8) into Eq. (4.50) gives the equation for the rising phase of
the flow area profile for a channel with upstream inflow, which is valid for L, < x. < L.:

4,=1 587[W](Qu +q,L,) (7.21)

Substituting 4. = 4,, and y. = y, into Eq. (7.1) and then substituting it into Eq. (7.21)
gives the equation for the rising phase of the water surface profile for a channel with upstream
inflow, which is valid for L, < x, < L

v, 1587(S W5/3](Q g,L,) (7.22)

From Eq. (4.51), the distance L, is:

_0,-0,
q,

L

2

(7.23)

For a channel with zero upstream inflow (Q, = 0), Egs. (7.19)-(7.23) reduce to:
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A = 1.587(51/2[4/2/3 quxc (7.24)

=1. 587(WJQLXC (725)

which are valid for 0 < x, <L, , and

which are valid for L, < x.< L, and

L = 9 (7.28)

g qr

7.11. DURATION OF PARTIAL EQUILIBRIUM DISCHARGE

Substituting Eqgs. (7.7) and (7.8) into Eq. (4.63) gives the equation for the duration of
partial equilibrium discharge for a channel with upstream inflow:

12777 2/3
Lq,+0, 063O(S d J{1.587(S1’72V% J+60qL}

n
t, = < 1 (7.29)
/277723
1. SO(SW%]
nC
For a channel with zero upstream inflow (Q, = 0), Eq. (7.29) reduces to:
1/27772/3
137 SO(W}q
n
- (7.30)

Iy = 127572/3
37.80(S"WJ

n

c
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7.12. HYDROGRAPH - EQUILIBRIUM PHASE
As shown in figures 4.2 and 4.3, the hydrograph may reach partial equilibrium or
equilibrium depending on the duration of lateral inflow #,. If #, < t,, the hydrograph reaches

partial equilibrium with a constant discharge Q,. If #, > ¢, the hydrograph reaches equilibrium
with a constant discharge Q..

7.12.1. Partial Equilibrium Discharge

Substituting Eqgs. (7.7) and (7.8) into Eq. (4.66) gives the equation for the partial
equilibrium discharge for a channel with upstream inflow:

Sw n0,
Qp :0630[— 1.587 W +60thq (7.31)

n(,' c

For a channel with zero upstream inflow (Q, = 0), Eq. (7.31) reduces to:
1/27772/3
Qp = 37.80(“—]6]Ltq (7.32)
nC
Equations (7.31) and (7.32) are valid for #, <t < (¢, + 1)

7.12.2. Equilibrium Discharge

From Eq. (4.69), the equation for the equilibrium discharge for a channel with upstream
inflow is:

Qe = Qu + qLLc (733)
For a channel with zero upstream inflow (Q, = 0), Eq. (7.33) reduces to:
0,=q,L, (7.34)

Equations (7.33) and (7.34) are valid for #, <t < ¢,.

7.13. WATER SURFACE PROFILE - EQUILIBRIUM PHASE

Substituting Eqgs. (7.7) and (7.8) into Eq. (4.71) gives the equation for the equilibrium
flow area profile for a channel with upstream inflow between —L, < x. < L,:
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4, =1 587(—MJ(QU +q,x,) (7.35)

SV

c

Substituting Eq. (7.1) into Eq. (7.35) gives the equation for the equilibrium water surface
profile for a channel with upstream inflow, which is valid for -, < x. < L,:

—1587(& WS/gJ(Q q.x.) (7.36)

For a channel with zero upstream inflow (Q, = 0), Egs. (7.35) and (7.36) reduce to:

which are valid for 0 < x. < L.

7.14. EQUILIBRIUM DETENTION STORAGE

Substituting Eqs. (7.7) and (7.8) into Eq. (4.78) gives the equilibrium detention storage
for a channel with upstream inflow:

2 N2
D, = 0.794[S1/2nﬁ/2/3 J{ 0.+ QLQLC) 2. } (7.39)
c L

For a channel with zero upstream inflow (Q, = 0), Eq. (7.39) reduces to:

=0. 794(WJqLLi (7.40)

7.15. WATER SURFACE PROFILE — FALLING PHASE

Substituting Eqs. (7.7) and (7.8) into Eq. (4.91) gives the equation for the falling phase of
the flow area profile for a channel with upstream inflow, which is valid for Ly < x. < L.
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Sl/2W2/3A
N L |:0' 630[0116 -0,
X, = 37.80(c—j(t 1)+ ‘

n q;

c

(7.41)

Substituting Eq. (7.1) into Eq. (7.41) gives the equation for the falling phase of the water
surface profile for a channel with upstream inflow, which is valid for Ly < x, < L:

S1/2W5/3
SV |:0' 630(011);0 -0,
X, = 37.80(”—J(t 1, )+ ‘

(7.42)
nc qL
From Eq. (4.92), the equation for the flow area profile between 0 < x, < L¢is:
nC‘Qll

Substituting Eq. (7.1) into Eq. (7.43) gives the equation for the falling phase of the water
surface profile for a channel with upstream inflow, which is valid for 0 < x, < Lg

anu

c

Substituting Eqgs. (7.7) and (7.8) into Eq. (4.94) gives the equation for the distance L; for a
channel with upstream inflow, which is valid for t > tg:

Scl/sz/3
L= 37.80[}1— (-1,) (7.45)

c

For a channel with zero upstream inflow (Q, = 0), Eq. (7.41) and (7.42) reduce to:

n

c

Y277,2/3
0. 63()[ScWAcJ

(7.46)
q:
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127775/3
0,630(&Wyc]
n

c

(7.47)
n

c

127772/3
X, = 37.80[S"—Wj(t 1, )+
q

which are valid for 0 <x. <L

7.16. HYDROGRAPH - FALLING PHASE

Substituting Egs. (7.7) and (7.8) into Eq. (4.101) gives the equation for the falling phase
(falling limb) of a hydrograph for a channel with upstream inflow:

£=0. 0265(#}{@ - (QQ;QH +t, (7.48)
c L

For a channel with zero upstream inflow (Q, = 0), Eq. (7.48) reduces to:

n, O,
t=0. 0265(WJ{LC - [ p ﬂ +1, (7.49)
c L
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Chapter 8

8. WORKING FORMULAS FOR FLOW IN
RECTANGULAR (SQUARE) CHANNEL

In this Chapter, based on the Manning’s equation, the kinematic wave parameters for
flow in a rectangular (square) channel are derived. By applying these parameters to the
general formulas in Chapter 4, working formulas for the flow depth; flow velocity; average
flow velocity; wave celerity; average wave celerity; time of travel; rising, equilibrium and
falling phases of hydrograph; forward characteristic; rising, equilibrium and falling phases of
water surface profiles; duration of partial equilibrium discharge; and equilibrium detention
storage are also derived.

8.1. KINEMATIC WAVE PARAMETERS

For a rectangular square channel, as shown in figure 8.1, y. = W and Eq. (7.3) reduces to:

Ve
3

R=

(8.1)

1<

Ve

w

& »
< Ld

Figure 8.1. Cross-section of Rectangular (Square) Channel.
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Substituting Eq. (7.1) into Eq. (8.1) gives:

3w '
Substituting Eq. (8.2)and Q = Q.,S =S, 4=A4., n = n.into (3.1) gives:
Sl/2
0. = 0.481(;}1;‘/3 (8.3)
nC

A comparison of Eq. (8.3) with Eq. (4.7) gives the kinematic wave parameters (Wong 2002,
Wong and Zhou 2006):

12

o - 0.481[5" ] (3.4)

n

c

4

- 8.5

B. 3 (8.5)
8.2. FLow DEPTH

Substituting W =y, into Eq. (7.1) gives:

A=y (8.6)

(4

Substituting Eq. (8.6) into Eq. (8.3) and rearranging gives the equation for the flow depth for
a channel with and without upstream inflow:

3/8
n
V.= 1.316( 5% ) (8.7)

c

8.3. FLow VELOCITY

Substituting Egs. (8.4) and (8.5) into Eq. (4.11) gives the equation for the flow velocity
along the equilibrium profile for a channel with upstream inflow:

1/2

3/4
V= 0.578( 5 j (Qu +q,x, )1/4 (8.8)
n

c
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For a channel with zero upstream inflow (Q, = 0), Eq. (8.8) reduces to:

n

c

gV 3/4
v=0.578[ ¢ j (g,x.)" (8.9)

8.4. AVERAGE FLOW VELOCITY

Substituting Egs. (8.4) and (8.5) into Eq. (4.15) gives the equation for the average flow
velocity for a channel with upstream inflow:

2\ V4
0.432{5«' ] q,L,

n
= ‘ (8.10)

Vav B (Qu + qLLc )3/4 - Qu3/4

For a channel with zero upstream inflow (Q, = 0), Eq. (8.10) reduces to:

n

c

vav=0.433( ¢ J (q,L,)" (8.11)

8.5. KINEMATIC WAVE CELERITY

Substituting Egs. (8.4) and (8.5) into Eq. (4.29) gives the equation for the wave celerity
along the equilibrium profile for a channel with upstream inflow:

1/2

3/4
c, :0.770[ ]; j (QH +quC)1/4 (8.12)

c

For a channel with zero upstream inflow (Q, = 0), Eq. (8.12) reduces to:

n

c

R 3/4
ck=0.770( ¢ ] (g,x,)" (8.13)

8.6. AVERAGE WAVE CELERITY

Substituting Egs. (8.4) and (8.5) into Eq. (4.32) gives the equation for the wave celerity
for a channel with upstream inflow:
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= - (8.14)

g2 34
c :0.578[ ¢ J (q,L.)" (8.15)

8.7. TIME OF TRAVEL

Substituting Eqs. (8.4) and (8.5) into Eq. (4.35) gives the equation for the time of travel
for a channel with upstream inflow:

¥4 3/4 3/4

L —

L =0.0289( ”1;2] {(Q" +a,L) -0, } (8.16)
q.

c

For a channel with zero upstream inflow (Q, = 0), Eq. (8.16) reduces to:

- 0.0289(n.L, )" o
gt sP |

8.8. HYDROGRAPH — RISING PHASE

Substituting Egs. (8.4) and (8.5) into Eq. (4.44) gives the equation for the rising phase of
the hydrograph for a channel with upstream inflow:

12 ¥4 4
SC n(’,Qu
QC =0.481 —< | 1.731 W +6OC]Lf (8.18)

n

c c

For a channel with zero upstream inflow (Q, = 0), Eq. (8.18) reduces to:

12

0. =1 13.0[SC j(qht)“/3 (8.19)
n

c

Equations (8.18) and (8.19) are valid for # < ¢,.
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8.9. FORWARD CHARACTERISTIC - RISING PHASE

Substituting Eqs. (8.4) and (8.5) into Eq. (4.47) gives the equation for the forward
characteristic of the rising phase for a channel with upstream inflow:

34 34 34
t= 0.0289( "];'2] {(Q“ ta,x)” —0, } (8.20)
qr

c

For a channel with zero upstream inflow (Q, = 0), Eq. (8.20) reduces to:

3/4
. 0.0289( n_x, 8.21)
q," \ SV '

8.10. WATER SURFACE PROFILE — RISING PHASE

Substituting Eqgs. (8.4) and (8.5) into Eq. (4.49) gives the equation for the rising phase of
the flow area profile for a channel with upstream inflow, which is valid for 0 <x, < ZL,:

c

3/4
A =1.731[( ;72 ](Qu +q,x, )} (8.22)

Substituting Eq. (8.6) into Eq. (8.22) gives the equation for the rising phase of the water
surface profile for a channel with upstream inflow, which is valid for 0 <x, < L:

3/8
y, = 1.316{[ ;1;2 ](Qu +qu6)} (8.23)

c

Substituting Egs. (8.4) and (8.5) into Eq. (4.50) gives the equation for the rising phase of the
flow area profile for a channel with upstream inflow, which is valid for L, <x. < L.

3/4
A4, =173 1{[ S”I;Z ](Q +q,L, )} (8.24)

c

Substituting A. = 4, and y. =y, into Eq. (8.6) and then substituting it into Eq. (8.24) gives the
equation for the rising phase of the water surface profile for a channel with upstream inflow,
which is valid for 0 < x. < L,
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3/8
v, = 1.316{( 5’:‘1;2 j(Q +q,L, )} (8.25)

c

From Eq. (4.51), the distance L, is:

Lp = M (8.26)
q;
For a channel with zero upstream inflow (Q, = 0), Egs. (8.22)-(8.26) reduce to:
r —13/4
nC
Ac:1731 W quc (827)
- 3/8
nC
v, =1316 W q,x. (8.28)
which are valid for 0 < x. <L, ,
r 13/4
nL’
- 38
nC
yp =1.316 W qLLp (830)
which are valid for L, < x. < L., and
Lp = % (8.31)
qr

8.11. DURATION OF PARTIAL EQUILIBRIUM DISCHARGE

Substituting Eqgs. (8.4) and (8.5) into Eq. (4.63) gives the equation for the duration of
partial equilibrium discharge for a channel with upstream inflow:
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4/3

Sl/Z n Q 34
chL+Qu—O.481( ‘ J1.731( 51/;] +60q,1,

nC C
;= . " W (8.32)
S.q n.Q,
38.48[nCLJ 1.731( SLI./Z j +60thq
For a channel with zero upstream inflow (Q, = 0), Eq. (8.32) reduces to:
L —0.48 1(53‘/2};;/%;‘/3
t, = c (8.33)

12

38.48(&J(thq &
n

c

8.12. HYDROGRAPH - EQUILIBRIUM PHASE

As shown in figures 4.2 and 4.3, the hydrograph may reach partial equilibrium or
equilibrium depending on the duration of lateral inflow #,. If #, < #,, the hydrograph reaches
partial equilibrium with a constant discharge Q,,. If ¢, > #;, the hydrograph reaches equilibrium
with a constant discharge Q..

8.12.1. Partial Equilibrium Discharge

Substituting Eqs. (8.4) and (8.5) into Eq. (4.66) gives the equation for the partial
equilibrium discharge for a channel with upstream inflow:

43

Sl/2 n Q 34
0, =0.481[ " j1.731(§ ] +60q,1, (8.34)

n 12

c c

For a channel with zero upstream inflow (Q, = 0), Eq. (8.34) reduces to:

12

0,=1 13.0(3;; j(thq s (8.35)

c

Equations (8.34) and (8.35) are valid for ¢, < ¢ < (¢, + 1)



108 Tommy S.W. Wong

8.12.2. Equilibrium Discharge

From Eq. (4.69), the equation for the equilibrium discharge for a channel with upstream

inflow is:
0,=0,+q,L. (8.36)
For a channel with zero upstream inflow (Q, = 0), Eq. (8.36) reduces to:
(8.37)

Qe = qLLc

Equations (8.36) and (8.37) are valid for #, <t < ¢,.

8.13. WATER SURFACE PROFILE - EQUILIBRIUM PHASE

Substituting Egs. (8.4) and (8.5) into Eq. (4.71) gives the equation for the equilibrium
flow area profile for a channel with upstream inflow between —L, < x. < L.

3/4
4= 1-731“ S"Jz J(Qu +4,X, )} (8.38)

c

Substituting Eq. (8.6) into Eq. (8.38) gives the equation for the equilibrium water surface
profile for a channel with upstream inflow, which is valid for -, <x. < L

3/8
yc :1316|:(S’:11(/ j(Qu +quc)j| (839)

c

For a channel with zero upstream inflow (Q, = 0), Egs. (8.38) and (8.39) reduce to:

- —3/4

n.
A =1.731 [Ssz q,x, (8.40)
- —13/8
n,
vy, =1316 (STL/Z q,x. (8.41)

which are valid for 0 <x.< L.
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8.14. EQUILIBRIUM DETENTION STORAGE

Substituting Egs. (8.4) and (8.5) into Eq. (4.78) gives the equilibrium detention storage
for a channel with upstream inflow:

3/4 7/4 7/4
L —
D, = 0.989( ”];ZJ [(Qu +q,L)" - 0] (8.42)
A 4.

c

For a channel with zero upstream inflow (i.e. Q, = 0), Eq. (8.42) reduces to:

12
c

3/4
D, =0.989[;C J i (8.43)

8.15. WATER SURFACE PROFILE — FALLING PHASE

Substituting Egs. (8.4) and (8.5) into Eq. (4.91) gives the equation for the falling phase of
the flow area profile for a channel with upstream inflow, which is valid for Lf <x. < L.:

n q;

c

12 44/3
0.4811 %A | _o
S1/2A1/3 n. u
x, =38.48 2L |(r—z )+ ‘ (8.44)

Substituting Eq. (8.6) into Eq. (8.44) gives the equation for the falling phase of the water
surface profile for a channel with upstream inflow, which is valid for L < x. < L:

/2 83
s {0.481[50 Ve H—QM
Sc yc nc
),

n q:

c

x, = 38.48[ (8.45)

From Eq. (4.92), the equation for the flow area profile between 0 < x. < L¢is:

34
A =173 1[2] (8.46)

12
c
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Substituting Eq. (8.6) into Eq. (8.46) gives the equation for the falling phase of the water
surface profile for a channel with upstream inflow, which is valid for 0 < x. < Lg

38
n
v, =1.316£ S%j (8.47)

c

Substituting Egs. (8.4) and (8.5) into Eq. (4.94) gives the equation for the distance L; for a
channel with upstream inflow, which is valid for t > tq:

n

c

R 3/4
L_,:46.21(LJ 0"(t-1,) (8.48)

For a channel with zero upstream inflow (Q, = 0), Egs. (8.44) and (8.45) reduce to:

12 44/3
0.481 %A
S1/2A1/3 n
x, =38.48 cn < (t—tq)+ y < (8.49)
c L
1/2 . 8/3
0.481 SeVe
Sl/zy 2/3 n
x, =38.48 2= Yo |1y )+ : (8.50)
nc qL

which are valid for 0 <x, <L,

8.16. HYDROGRAPH - FALLING PHASE

Substituting Eqgs. (8.4) and (8.5) into Eq. (4.101) gives the equation for the falling phase
(falling limb) of a hydrograph for a channel with upstream inflow:

3/4
(0.0216Y n, 0 -0
t_[TJ(SE/Z] |:LC —[Q—LJ:|+tq (8.51)

For a channel with zero upstream inflow (Q, = 0), Eq. (8.51) reduces to:
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3/4
0.0216 || n
Qc c qL
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Chapter 9

9. WORKING FORMULAS FOR FLOW
IN RECTANGULAR (WIDE) CHANNEL

In this Chapter, based on the Manning’s equation, the kinematic wave parameters for
flow in a rectangular (wide) channel are derived. By applying these parameters to the general
formulas in Chapter 4, working formulas for the flow depth; flow velocity; average flow
velocity; wave celerity; average wave celerity; time of travel; rising, equilibrium and falling
phases of hydrograph; forward characteristic; rising, equilibrium and falling phases of water
surface profiles; duration of partial equilibrium discharge; and equilibrium detention storage
are also derived.

9.1. KINEMATIC WAVE PARAMETERS

Rearranging Eq. (7.3) gives:

Y.
R=—2>-¢£— 9.1
2y, ©-D
w

1+

For a rectangular wide channel, as shown in figure 9.1, y. << W and Eq. (9.1) reduces to:

R=~y, 9.2)

1<

Ye

Figure 9.1. Cross-section of Rectangular (Wide) Channel.
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Substituting Eq. (7.1) into Eq. (9.2) gives:

R=— 9.3
W (9.3)

Substituting Eq. (9.3)and Q=0 ., S=S., 4 =A4., n=n.into (3.1) gives:

12
0, =( % jAS“ 9.4)
n

A comparison of Eq. (9.4) with Eq. (4.7) gives the kinematic wave parameters (Wong 2002,
Wong and Zhou 2006):

sV
o, = [ncW2/3 j (95)
5
== 9.6
B. 3 9.6)

9.2. FLow DEPTH

Substituting Egs. (7.1) into Eq. (9.4) gives:

Sl/2
0. = [—] Wy 9.7)
n

c

Rearranging Eq. (9.7) gives the equation for the flow depth for a channel with and without
upstream inflow:

0 3/5
nC C
Ye =[—SCI/2WJ (9.8)

9.3. FLow VELOCITY

Substituting Egs. (9.5) and (9.6) into Eq. (4.12) gives the equation for the flow velocity
along the equilibrium profile for a channel with upstream inflow:
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N " 2/5
V= (n;] (Qu + quc) (99)

For a channel with zero upstream inflow (Q, = 0), Eq. (9.9) reduces to:

2 N\

n‘W2/3

9.4. AVERAGE FLOwW VELOCITY

Substituting Eqgs. (9.5) and (9.6) into Eq.(4.15) gives the equation for the average flow
velocity for a channel with upstream inflow:

n 9.11)
av = 3/5 3/5 :
. +a,L.)" -0,
For a channel with zero upstream inflow (Q, = 0), Eq. (9.11) reduces to:
35
sV 25
v, = 0.600[qu2/3 (q,L.) (9.12)

9.5. KINEMATIC WAVE CELERITY

Substituting Egs. (9.5) and (9.6) into Eq. (4.29) gives the equation for the wave celerity
along the equilibrium profile for a channel with upstream inflow:

s2 ” 2/5
c, :1.667[}1 V;mj (Qu +quc) (9.13)

For a channel with zero upstream inflow (Q, = 0), Eq. (9.13) reduces to:

n

c

S2 " 2/5
ck:1.667£WJ (¢,x.) (9.14)
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9.6. AVERAGE WAVE CELERITY

Substituting Egs. (9.5) and (9.6) into Eq. (4.32) gives the equation for the wave celerity
for a channel with upstream inflow:

g2 35
(IH/IC/Z/S] q.L,

c, = ¢ (9.15)
Q,+¢,L.)"-0,"

For a channel with zero upstream inflow (Q, = 0), Eq. (9.15) reduces to:

S¥2 " 2/5
cav=[n V;/MJ (q,L.) (9.16)

9.7. TIME OF TRAVEL

Substituting Egs. (9.5) and (9.6) into Eq. (4.35) gives the equation for the time of travel
for a channel with upstream inflow:

23\ 3/5 A3/
t,=o.0167[”ﬂ;2 ] {(Q”‘ch) o } 9.17)
L

c

For a channel with zero upstream inflow (Q, = 0), Eq. (9.17) reduces to:

00167 nw?r " o1
g sk |

9.8. HYDROGRAPH — RISING PHASE

Substituting Egs. (9.5) and (9.6) into Eq. (4.45) gives the equation for the rising phase
(rising limb) of the hydrograph for a channel with upstream inflow:

5/3

3/5
S2 nw?Q
Qc:(n V;ﬂ“] { o “ | +60g,t (9.19)

c

For a channel with zero upstream inflow (Q, = 0), Eq. (9.19) reduces to:



Kinematic-Wave Rainfall-Runoff Formulas 117

1/2

S
0, = 919-6[ " V;z/s J(th)5/3 (9.20)

c

Equations (9.19) and (9.20) are valid for ¢ < ¢,.

9.9. FORWARD CHARACTERISTIC - RISING PHASE

Substituting Eqgs. (9.5) and (9.6) into Eq.(4.47) gives the equation for the forward
characteristic of the rising phase for a channel with upstream inflow:

23\¥3 35 35
t=o.0167("cW J {(Qﬁ‘hxﬂ) Q, } 9.21)

S1/2 qL

c

For a channel with zero upstream inflow (Q, = 0), Eq. (9.21) reduces to:

0.0167 [n W T/S
= 4 c (922)

2/5 1/2
qL Sc

9.10. WATER SURFACE PROFILE — RISING PHASE

Substituting Egs. (9.5) and (9.6) into Eq. (4.49) gives the equation for the rising phase of
the flow area profile for a channel with upstream inflow, which is valid for 0 <x. < L,:

nw "
A = [ CSW j(Qququc) (9.23)

c

Substituting Eq. (7.1) into Eq. (9.23) gives the equation for the rising phase of the water
surface profile for a channel with upstream inflow, which is valid for 0 <x. < L,:

35
yc{ﬂ T J(Qﬁfhxc)} (924)

NE

Substituting Egs. (9.5) and (9.6) into Eq. (4.50) gives the equation for the rising phase of the
flow area profile for a channel with upstream inflow, which is valid for L, <x. < L..
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n W "
A, = K o ](Q +q,L, )} (9.25)

Substituting 4. = 4,, and y. =y, into Eq. (7.1) and then substituting it into Eq. (9.25) gives the
equation for the rising phase of the water surface profile for a channel with upstream inflow,
which is valid for 0 <x. < L,:

3/5
y, = KS'/’—WJ(Q +q,L, )} (9.26)

From Eq. (4.51), the distance L,, is:

Lp = M (9.27)
q;
For a channel with zero upstream inflow (Q, = 0), Egs. (9.23)-(9.27) reduce to:
i n w3 s
A = ";ST q,x, (9.28)
- 35
nC
Ye= —Sl/zW q.x. (9.29)
which are valid for 0 < x, <L, and
i n w3 s
Ap = CST q,L, (9.30)
- 35
— nC L
yp - Si/zW qL P (931)
which are valid for L, <x. < L., and
0
L,=—" (9.32)
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9.11. DURATION OF PARTIAL EQUILIBRIUM DISCHARGE

Substituting Egs. (9.5) and (9.6) into Eq. (4.63) gives the equation for the duration of
partial equilibrium discharge for a channel with upstream inflow:

/s
Sl/2 n W2/3Q 3

L qL + Q { W2/3 ] ( < Sl/z 4 + 60thq

t, = ‘ (9.33)

23
52, \ (a0,
100.0(’1 — o +60q,1,

c

5/3

For a channel with zero upstream inflow (Q, = 0), Eq. (9.29) reduces to:

S 2/345/3
L, —919.6(11 o JqL

t, = 1;’2 (9.34)

15326( 2/3j( i,

(,

9.12. HYDROGRAPH - EQUILIBRIUM PHASE

As shown in figures 4.2 and 4.3, the hydrograph may reach partial equilibrium or
equilibrium depending on the duration of lateral inflow #,. If #, < t,, the hydrograph reaches
partial equilibrium with a constant discharge Q,,. If ¢, > #, the hydrograph reaches equilibrium
with a constant discharge Q..

9.12.1. Partial Equilibrium Discharge

Substituting Eqgs. (9.5) and (9.6) into Eq. (4.66) gives the equation for the partial
equilibrium discharge for a channel with upstream inflow:

5/3

3/5
s nwQ,
0, =(n ij ( i +60q,1, (9.35)

c

For a channel with zero upstream inflow (Q, = 0), Eq. (9.35) reduces to:

12

S,
0, =919, 6( e j(q tq)5/3 (9.36)

c
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Equations (9.35) and (9.36) are valid for ¢, < ¢ < (¢, + 1)

9.12.2. Equilibrium Discharge

From Eq. (4.69), the equation for the equilibrium discharge for a channel with upstream

inflow is:
0,=0,+q,L, (9.37)
For a channel with zero upstream inflow (Q, = 0), Eq. (9.37) reduces to:
0,=q,L (9.38)

Equations (9.37) and (9.38) are valid for , < ¢ < ¢,.

9.13. WATER SURFACE PROFILE - EQUILIBRIUM PHASE

Substituting Egs. (9.5) and (9.6) into Eq. (4.71) gives the equation for the equilibrium
flow area profile for a channel with upstream inflow between —L, < x.< L.

" W2/3 3/5
A, = (CST](Qu +4,x,) (9.39)

Substituting Eq. (7.1) into Eq. (9.39) gives the equation for the equilibrium water surface
profile for a channel with upstream inflow, which is valid for -, <x.< L.

35
nC
For a channel with zero upstream inflow (Q, = 0), Egs. (9.39) and (9.40) reduce to:
- W W 23 3/5
A = —";91/2 q,x, (9.41)

3/5
n,
Y. = (W}hxc} (9.42)
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which are valid for 0 <x.< L.

9.14. EQUILIBRIUM DETENTION STORAGE

Substituting Eqs. (9.5) and (9.6) into Eq. (4.78) gives the equilibrium detention storage
for a channel with upstream inflow:

23 \¥* 8/5 85
D, = 0.625( "ﬂ; j (Q“ * ‘ILLc) 0, (9.43)
S q.

c

For a channel with zero upstream inflow (i.e. O, = 0), Eq. (9.43) reduces to:

gL (9.44)

D, = 0.625( ¢
9.15. WATER SURFACE PROFILE — FALLING PHASE

Substituting Egs. (9.5) and (9.6) into Eq. (4.91) gives the equation for the falling phase of
the flow area profile for a channel with upstream inflow, which is valid for Ly <x. < L.

n w2 (9.45)

c

12 42/3 ( w3
xc=1oo.o[%J(t—tq)+ e

Substituting Eq. (7.1) into Eq. (9.45) gives the equation for the falling phase of the water
surface profile for a channel with upstream inflow, which is valid for L, <x. < L.:

Sy
c yc _ Qu

Y2..2/3 [
X, = 100.0(‘?04}(:—@1% &«

n

c

(9.46)
q

From Eq. (4.92), the equation for the flow area profile between 0 <x. < Lyis:
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/s
w3 3
4 = (Q] (9.47)

Substituting Eq. (7.1) into Eq. (9.47) gives the equation for the falling phase of the water
surface profile for a channel with upstream inflow, which is valid for 0 <x. <Ly

Q 3/5
nc u

Substituting Egs. (9.5) and (9.6) into Eq. (4.94) gives the equation for the distance L, for a
channel with upstream inflow, which is valid for ¢ > #,:

n

c

S2 " 25
Lf:100.0( V;/”J 0, (-1, (9.49)

For a channel with zero upstream inflow (Q, = 0), Egs. (9.45) and (9.46) reduce to:

(Sl/zAs/s

12 42/3 LW2L/3J

X, =100.0[%J(¢—zq)+ AT (9.50)
n, q

n

c

KS%/ZWy?“ ﬂ
1/2..2/3 n
xC:IOO.O[SCiJ(z—tqﬁ = 4 (9.51)

which are valid for 0 <x.< L.

9.16. HYDROGRAPH - FALLING PHASE

Substituting Egs. (9.5) and (9.6) into Eq. (4.101) gives the equation for the falling phase
(falling limb) of a hydrograph for a channel with upstream inflow:

0.0100 ) n " 0.-0,
= o | ) || 9.52)
c c L
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For a channel with zero upstream inflow (Q, = 0), Eq. (9.52) reduces to:

0.0100 ) n )" 0.
= Q2/5 Sl/z Lc — q— +tq (953)
c c L
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Chapter 10

10. WORKING FORMULAS FOR FLOW
IN TRAPEZOIDAL CHANNEL
WITH EQUAL SIDE SLOPES

In this Chapter, based on the Manning’s equation, the kinematic wave parameters for
flow in a trapezoidal channel with equal side slopes are derived. By applying these
parameters to the general formulas in Chapter 4, working formulas for the flow depth; flow
velocity; average flow velocity; wave celerity; average wave celerity; time of travel; rising,
equilibrium and falling phases of hydrograph; forward characteristic; rising, equilibrium and
falling phases of water surface profiles; duration of partial equilibrium discharge; and
equilibrium detention storage are also derived.

10.1. KINEMATIC WAVE PARAMETERS

For flow in a trapezoidal channel with equal side slopes, the flow area 4., and the wetted
perimeter P, are related to the base width W, reciprocal of channel side slope z, and the flow
depth y,, as follows:

A =zl + Wy, (10.1)
P=2y (1+22)  +w (10.2)

Figure 10.1 shows the trapezoidal channel with base width W, reciprocal of channel side slope
z, and flow depth y.. Next, defining two dimensionless variables, y and u, as:

w=A W (10.3)

U=y, |w (10.4)
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1 Ye

Figure 10.1. Cross-section of Trapezoidal Channel with Equal Side Slopes.

Substituting Egs. (10.3) and (10.4) into Eq. (10.1) gives the following relationship between
and u:

21+ pu—w =0 (10.5)

For z # 0, the positive solution for Eq. (10.5) is:

2
e (1+4zy)” -1 (106)
2z

Substituting Eq. (10.4) into Eq. (10.6) to eliminate u results:

2
Ve ={(1+4ZW) I}W (10.7)

2z

Substituting Eq. (10.7) into Eq. (10.2) gives an expression for P:

poly e2) (EEE w (10.8)

z

Substituting Eqs. (10.3) and (10.8) into Eq. (3.1) results in a dimensionless equation in terms
of w, which can be considered as the "true" relationship between Q. and 4. for a trapezoidal
channel of equal side slopes:

23
anc — z l//5/3
ST 2 (14 2 ) |1+ 4z ) -1

(10.9)

As shown in figure 10.2, by mathematical fitting to the true relationships for 0.1 <z < 5.0,
Wong and Zhou (2006) obtained the following kinematic wave parameters:
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Sl/Z
a, = 0.340(;
c 0.0909
nW
B. =1.379
1000
true relationship
forz=1.0 N/
100 | 4
4
10k 4 true
true relationship relanmisl_up
forz=10.1 7, forz=35.0
7
<ot
=i} o1k
kinematic
wave
0.01
0.001
4
0.0001 L ' .
0.01 0.1 1 10 100
y=A, /W

(10.10)

(10.11)

Figure 10.2. Comparison between True and Kinematic Wave Relationships for Flow in Trapezoidal
Channel with Equal Side Slopes.

10.2. FLow DEPTH

Substituting Eqs. (10.10) and (10.11) into Eq. (4.7) gives:

S1/2

0, = 0'340(11 VI;0.0909

JA1.379

(10.12)
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Substituting Egs. (10.1) into Eq. (10.12) gives:

12
0 = 0.34O(S;j(zyf T+, )" (10.13)
n, ’

0.0909 0.725
v+ Wy, = 2. 187("CWS—C] =0 (10.14)

Solving Eq. (10.14) gives the equation for the flow depth for a channel with and without
upstream inflow:

_Wlw 8.7482(”03

= 10.15
Ve s (10.15)

10.3. FLow VELOCITY

Substituting Eqs. (10.10) and (10.11) into Eq. (4.12) gives the equation of flow velocity
for a channel with upstream inflow:

S1/2 0.725
V= |:0340[W]( L +q,X. )0.379:| (10.16)

For a channel with zero upstream inflow (Q, = 0), Eq. (10.16) reduces to:

Sl/z 0.725
V= |:O 340(W]((1Lx( )0-379:| (10.17)

10.4. AVERAGE FLOW VELOCITY

Substituting Egs. (10.10) and (10.11) into Eq. (4.15) gives the equation of average flow
velocity along the equilibrium profile for a channel with upstream inflow:
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g2 0.725
0.332(,1 VVCO'OQOQ j q,L,

Vv = (Q +qCL )0,725 ~0 0.725 (10.18)
u L™ u

For a channel with zero upstream inflow (Q, = 0), Eq. (10.18) reduces to:

Sl/z 0.725
v =0. 332[?) (qLLc )0»275 (10.19)

10.5. KINEMATIC WAVE CELERITY

Substituting Eqs. (10.10) and (10.11) into Eq. (4.29) gives the equation of wave celerity
along the equilibrium profile for a channel with upstream inflow:

S1/2 0.725
= 0630KWJ(QM +q,X, )0'379} (10.20)

For a channel with zero upstream inflow (Q, = 0), Eq. (10.20) reduces to:

S1/2 0.725
¢ = 0630{(#@]@ X )0‘379} (10.21)

10.6. AVERAGE WAVE CELERITY

Substituting Eqs. (10.10) and (10.11) into Eq. (4.32) gives the equation of wave celerity
for a channel with upstream inflow:

c, = ‘ ' (10.22)

Sl/z 0.725
c = 0457[?J (qLLc )0-275 (1023)
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10.7. TIME OF TRAVEL

Substituting Eqs. (10.10) and (10.11) into Eq. (4.35) gives the equation of time of travel
for a channel with upstream inflow:

0.0909 72 0.725 0725
(=0, 0364( nV . ] {(Q“ +q L) -0, (10.24)
S q.

c

For a channel with zero upstream inflow (Q, = 0), Eq. (10.24) reduces to:

0.0364 |\ n W0.0909 0.725
tt :( q04275 ){ S S1/2 J (1025)
L c

10.8. HYDROGRAPH — RISING PHASE

Substituting Eqs. (10.10) and (10.11) into Eq. (4.45) gives the equation for the rising
phase of the hydrograph for a channel with upstream inflow:

1.379

12 0.0909 0.725
0. = o.340($wj 2 186(”"WST“] +60q, 1 (10.26)

c c

For a channel with zero upstream inflow (Q, = 0), Eq. (10.26) reduces to:
1/2

S
0 = 96'28(WJ(W)1379 (10.27)

c

Equations (10.26) and (10.27) are valid for ¢ < ¢,.

10.9. FORWARD CHARACTERISTIC - RISING PHASE

Substituting Egs. (10.10) and (10.11) into Eq. (4.47) gives the equation for the forward
characteristic of the rising phase for a channel with upstream inflow:

0.0909 \0-72 0725 0725
{= 0.0364(%] {(Q“ ta,x) " -0, (10.28)
S q.

c

For a channel with zero upstream inflow (Q, = 0), Eq. (10.28) reduces to:
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0.0364 (l’l W0.0909x ]0,725
: | | (10.29)

q2,275 Si/z
10.10. WATER SURFACE PROFILE — RISING PHASE

Substituting Eqs. (10.10) and (10.11) into Eq. (4.49) gives the equation for the rising
phase of the flow area profile for a channel with upstream inflow, which is valid for 0 < x,
<L,

0.725
W0.0909
4 =2 186&”6T (q,x. +0,) (10.30)

c

Substituting Eq. (10.1) into Eq. (10.30), and solving it gives the equation for the rising phase
of the water surface profile for a channel with upstream inflow, which is valid for 0 < x. < L,:

12

12

—W+{W? + 8.748{

= 10.31
Ve s (10.31)

Substituting Eqgs. (10.10) and (10.11) into Eq. (4.50) gives the equation for the rising phase of
the flow area profile for a channel with upstream inflow, which is valid for L, < x. < L.:

n W0.0909 0725
A,=2.186 (CSTJ((]LLP +0,) (10.32)

c

Substituting 4. = 4,, and y. =y, into Eq. (10.1), and then substituting it into Eq. (10.32), and
solving it gives the equation for the rising phase of the water surface profile for a channel
with upstream inflow, which is valid for L, < x, < L.

12

S1/2

y, = > (10.33)

0.725
W W 48 748{"6W00909 l0.L, -0, )}

From Eq. (4.51), the distance L, is:
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L =% (10.34)

g q:

For a channel with zero upstream inflow (Q, = 0), Egs. (10.30)-(10.34) reduce to:

0.725
0.0909
n W quc]

4,=2186 = (10.35)
i 0.0909 072572
—W | W+ 8.7482(”"Wl/2qu“J ]
y, = L > ‘ (10.36)
which are valid for0 < x. <L, ,
0.725
nCWo_0909qLLp
Ap =2.186| ——5—— (10.37)
S
L WO, | 0.725 Y2
e 8.748{”1%"]
s>
v, = - (10.38)
which are valid for L, < x. < L., and
L, = 9, (10.39)
q;

10.11. DURATION OF PARTIAL EQUILIBRIUM DISCHARGE

Substituting Egs. (10.10) and (10.11) into Eq. (4.63) gives the equation for the duration
of partial equilibrium discharge for a channel with upstream inflow:

e 7 0090 0.725
Lgqg, +0, —0.340(’1 W600909 2.186) &—+—=2 g7 Q, +60¢q,1,

c

Sl/2q " WO_OQOQQ 0.725 0.379
28'13(711/;/“509] 2'186(CSV2"J +60q,1,

c c

1.379

c

(10.40)
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For a channel with zero upstream inflow (Q, = 0), Eq. (10.40) reduces to:

SI/Z
LC -96.4 l[nVV“'JqE.Sthmg

0.0909 q

t, = T (10.41)

Sc 0.379
330, o ot

c

10.12. HYDROGRAPH - EQUILIBRIUM PHASE

As shown in figures 4.2 and 4.3, the hydrograph may reach partial equilibrium or
equilibrium depending on the duration of lateral inflow #,. If #, < #,, the hydrograph reaches
partial equilibrium with a constant discharge Q,. If t, > #, the hydrograph reaches equilibrium
with a constant discharge Q..

10.12.1. Partial Equilibrium Discharge

Substituting Eqgs. (10.10) and (10.11) into Eq. (4.66) gives the equation for the partial
equilibrium discharge for a channel with upstream inflow:

1.379

Scl/2 nCWo.o909 0, 0.725
Qp = O340(T} 2.1 86(5’— + 60quq (10.42)

0.0909 /2

c c

For a channel with zero upstream inflow (Q, = 0), Eq. (10.42) reduces to:

Sl/2 1.379

c

Equations (10.42) and (10.43) are valid for ¢, <t < (¢, + t,).

10.12.2. Equilibrium Discharge

From Eq. (4.69), the equation for the equilibrium discharge for a channel with upstream
inflow is:

Qe = Qu + qLLc (1044)

For a channel with zero upstream inflow (Q, = 0), Eq. (10.44) reduces to:
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0,=q,L. (10.45)

Equations (10.44) and (10.45) are valid for#, < ¢ <1¢,.

10.13. WATER SURFACE PROFILE - EQUILIBRIUM PHASE

Substituting Eqgs. (10.10) and (10.11) into Eq. (4.71) gives the equation for the
equilibrium flow area profile for a channel with upstream inflow between —L, < x. < L,:

0.725
W040909
4 =2 186{[”’0T (q,x. +0,) (10.46)

c

Substituting Eq. (10.1) into Eq. (10.40), and solving it gives the equation for the rising phase
of the water surface profile for a channel with upstream inflow, which is valid for -L, < x,
< Ly

1/2

0.725
Wl s 8.7482["”00%9 (4,2 +0, )}

1/2
— ‘ 10.47
Ve s ( )

For a channel with zero upstream inflow (0, = 0), Eqs. (10.46) and (10.47) reduce to:

nCWO‘O909 g%, 0.725
A, =2 186(+ (10.48)
0.0909 0.725 V2
2 nw qrx.
- W + W + 87482(51/2L)
V.= - (10.49)

2z

which are valid for 0 < x. < L..

10.14. EQUILIBRIUM DETENTION STORAGE

Substituting Eqs. (10.10) and (10.11) into Eq. (4.78) gives the equilibrium detention
storage for a channel with upstream inflow:
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0.0909 723 1725 1725
D, = 1.268( n W ] 0. +a,L)™" -0, (10.50)
S q,

For a channel with zero upstream inflow (i.e. O, = 0), Eq. (10.50) reduces to:

1/2
c

0.0909 0.725
D, = 1.268(”"W—QLJ L7 (10.51)

10.15. WATER SURFACE PROFILE — FALLING PHASE

Substituting Eqgs. (10.10) and (10.11) into Eq. (4.91) gives the equation for the falling
phase of the flow area profile for a channel with upstream inflow, which is valid for Ly < x,
<L.

SCI/ZAj‘m
0'340(71 7 0-0909 _Qu

c

(10.52)

0.0909
N4

/2 40379
x= 2814 S e )y
n q

Substituting Eq. (10.1) into Eq. (10.46) gives the equation for the falling phase of the water
surface profile for a channel with upstream inflow, which is valid for L, < x, < L

0.0909

2(_.2 379
0. 340{ S. (ZyCW+ Wy, ) } 0
" (10.53)

c

0.0909

x, =28, 14[55/2@ ey }(z—tq%
nw q

c

From Eq. (4.92), the equation for the flow area profile between 0 < x, < L,is:

(10.54)

0.0909 0.725
4= 2.186(—”“W Q"j

SI/Z

Substituting Eq. (10.1) into Eq. (10.50) and solving it gives the equation for the falling phase
of the water surface profile for a channel with upstream inflow, which is valid for 0 <x. < Lz
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1/2

12
_ ‘ 10.55
Ve oy ( )

7 00909 0.725
Wa\wr s 8.7482[”"Q“J

Substituting Eqs. (10.10) and (10.11) into Eq. (4.94) gives the equation for the distance L, for
a channel with upstream inflow, which is valid for ¢ > ¢,

0.725
c 0.2
L = 27.84(WJ 0 (t-1,) (10.56)

For a channel with zero upstream inflow (Q, = 0), Eqs. (10.52) and (10.53) reduce to:

Si/zAclj”(”
Si/zAf.379 ( ) ().?)40(”]1/0.0909
XC =2814 W f—tq + qL (1057)
2.2 379
Sl/z( 2 W )0.379 0.34OI:S" (Z:CW—ZEQQJ :|
- 228.14{ C Zy};oogoy; }(t_tq)Jr : (10.58)
nW"= .

which are valid for 0 <x.< L,

10.16. HYDROGRAPH - FALLING PHASE

Substituting Egs. (10.10) and (10.11) into Eq. (4.101) gives the equation for the falling
phase of a hydrograph for a channel with upstream inflow:

0.0264 (0 °® )™ 0 -0
t= Qo,275 [ CS1/2 j Lc_[ cq u‘j +i, (10.59)
c c L

For a channel with zero upstream inflow (Q, = 0), Eq. (10.59) reduces to:

0.0264 (. w*®o \'™ 0
t=—3m ( o J Lc_( Cj +1, (10.60)
Qc Sc qL




In: Kinematic-Wave Rainfall-Runoff Formulas ISBN: 978-1-60692-705-2
Editor: Tommy S.W. Wong, pp. 137-149 © 2009 Nova Science Publishers, Inc.

Chapter 11

11. WORKING FORMULAS FOR FLOW
IN TRAPEZOIDAL CHANNEL
WITH ONE SIDE VERTICAL

In this Chapter, based on the Manning’s equation, the kinematic wave parameters for
flow in a trapezoidal channel with one side vertical are derived. By applying these parameters
to the general formulas in Chapter 4, working formulas for the flow depth; flow velocity;
average flow velocity; wave celerity; average wave celerity; time of travel; rising, equilibrium
and falling phases of hydrograph; forward characteristic; rising, equilibrium and falling
phases of water surface profiles; duration of partial equilibrium discharge; and equilibrium
detention storage are also derived.

11.1. KINEMATIC WAVE PARAMETERS

For flow in a trapezoidal channel with one side vertical, the flow area 4., and the wetted
perimeter P, are related to the flow depth y., and the reciprocal of channel side slope z, as
follows:

A, =0.5zp" + Wy, (11.1)

P=li+(i+22) ]y +w (11.2)

Figure 11.1 shows the trapezoidal channel with base width W, reciprocal of channel side slope
z, and flow depth y.. Next, defining two dimensionless variables, y and u, as:

w=A W (11.3)

U=y, |w (11.4)
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Substituting Eqgs. (11.3) and (11.4) into Eq. (11.1) gives the following relationship between vy
and p:

0.5z4° + pt—y =0 (11.5)
For z # 0, the positive solution for Eq. (11.5) is:

2
,u:(1+221//) 1 116
4

Substituting Eq. (11.4) into Eq. (11.6) to eliminate u results in:

V2
N :{(szw) 1}W i

z

Substituting Eq. (11) into Eq. (6) gives an expression for P:

. 1+[1+(1+22)1/2](1+221//)l/2—1] " .

z

Substituting Egs. (11.3) and (11.8) into Eq. (3.1) results in a dimensionless equation in terms
of w, which can be considered as the "true" relationship Q. and A, for a trapezoidal channel
with one side vertical:

23
n Q. z 5/3
—— : (11.9)
SPw? {z+|_1+(1+22)1/21(1+221//)1/2—IJ} v

As shown in figure 11.2, by mathematical fitting to the true relationships for 0.1 <z < 5.0,
Wong and Zhou (2006) obtained the following kinematic wave parameters:

SI/Z
a, = 0.323(;] (11.10)
n

0.0526
N4

B. =1.360 (11.11)
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Figure 11.1. Cross-section of Trapezoidal Channel with One Side Vertical.
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Figure 11.2. Comparison between True and Kinematic Wave Relationships for Flow in Trapezoidal
Channel with One Side Vertical.
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11.2. FLow DEPTH

Substituting Egs. (11.10) and (11.11) into Eq. (4.7) gives:
Sl/Z
— ¢ 1360

Substituting Egs. (11.1) into Eq. (11.12) gives:

1/2

S :
QC = 0323[WJ(OSZJ}S + Wyc )l 360 (11.13)

c

Rearranging Eq. (11.13) gives:

7 (11.14)

J 00526 0.735
0.52y2 + Wy, — 2.296(u =0

Solving Eq. (11.14) gives the equation for the flow depth for a channel with and without
upstream inflow:

12

0.735
0.0526
n W QCJ

Sl/2

—W+|W*+ 4.5922(

V.= (11.15)
z

11.3. FLow VELOCITY

Substituting Eqs. (11.10) and (11.11) into Eq. (4.12) gives the equation of flow velocity
along the equilibrium profile for a channel with upstream inflow:

S1/2 0.735
y= o.mKWJ(QM +4,X, )‘”ﬂ (11.16)

For a channel with zero upstream inflow zero upstream inflow (Q, = 0), Eq. (11.16)
reduces to:

S1/2 0.735
V= O436|:(W](quc )04360:| (1 1. 17)
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11.4. AVERAGE FLOW VELOCITY

Substituting Eqs. (11.10) and (11.11) into Eq. (4.15) gives the equation of average flow
velocity for a channel with upstream inflow:

e 0.735
0.321(’1 Wco,oszsj q,L.

av = (Q +q>L )0.735_Q0.735 (11.18)
u L™c u
For a channel with zero upstream inflow (Q, = 0), Eq. (11.18) reduces to:
g2 0.735
X 0.265
VYV =0321(Wj (qLLc) (1119)

11.5. KINEMATIC WAVE CELERITY

Substituting Eqs. (11.10) and (11.11) into Eq. (4.29) gives the equation of wave celerity
along the equilibrium profile for a channel with upstream inflow:

Sl/2 0.735
¢ = 0-593{(’”4;%}@“ +q X, )0'360} (11.20)

For a channel with zero upstream inflow (Q, = 0), Eq. (11.20) reduces to:

Sl/2 0.735
= 0593{(%}(%% )0'360} (11.21)

11.6. AVERAGE WAVE CELERITY

Substituting Eqs. (11.10) and (11.11) into Eq. (4.32) gives the equation of wave celerity
for a channel with upstream inflow:

L 0.735
0.436(1/1 WCO.0526 J q,L.

Co = (Q +qCL )0.735 —0 0.735 (11.22)
u L~ ¢ u

For a channel with zero upstream inflow (Q, = 0), Eq. (11.22) reduces to:
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S1/2 0.735
c = 0436(WJ (qLL(; )0.265 (11.23)

11.7. TIME OF TRAVEL

Substituting Eqgs. (11.10) and (11.11)) into Eq. (4.35) gives the equation of time of travel
for a channel with upstream inflow:

0.0526 \0-733 0.735 0.735
L _
f =0.0382[”CV;/2 j {(Qﬁfh cq) O, (11.24)
L

c

For a channel with zero upstream inflow (Q, = 0), Eq. (11.24) reduces to:

0.0382\ n oo '
tz:( 0.265 j( - g2 CJ (11.25)
L c

11.8. HYDROGRAPH — RISING PHASE

Substituting Eqs. (11.10) and (11.11) into Eq. (4.45) gives the equation for the rising
phase of the hydrograph for a channel with upstream inflow:

S2 n WO'OS%Q 0.735 1.360
0. =0.323 — g | 2295 = | +60q,t .

For a channel with zero upstream inflow (Q, = 0), Eq. (11.26) reduces to:
Scl/ ? 1360
QC = 8462(W (qu) (11.27)

c

Equations (11.26) and (11.27) are valid for ¢ < ¢,

11.9. FORWARD CHARACTERISTIC - RISING PHASE

Substituting Eqgs. (11.10) and (11.11) into Eq. (4.47) gives the equation for the forward
characteristic of the rising phase for a channel with upstream inflow:
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0.0526 )73 0735 _ 0.735
t= 0.0383(%] {(Q“ A quc) 0, (11.28)
q.

c

For a channel with zero upstream inflow (Q, = 0), Eq. (11.28) reduces to:

0.265 S%/z (11.29)

©0.0383 [nCWO'Ome Jo‘m
qL c

11.10. WATER SURFACE PROFILE — RISING PHASE

Substituting Eqs. (11.10) and (11.11) into Eq. (4.49) gives the equation for the rising
phase of the flow area profile for a channel with upstream inflow, which is valid for 0 < x,
<L,

0.0526 0.735
A= 2.295{(%}(%% +0, )} (11.30)

Substituting Eq. (11.1) into Eq. (11.28), and solving it gives the equation for the rising phase
of the water surface profile for a channel with upstream inflow, which is valid for 0 < x, < L,

1/2

0.735
W+ 4.592{ n " (g, x, + 0, )}

12
c

y, = (11.31)
zZ

Substituting Egs. (11.10) and (11.11) into Eq. (4.50) gives the equation for the rising phase of
the flow area profile for a channel with upstream inflow, which is valid for L, < x. < L.:

" W0-0526 0.735
A, =2.295 (CSTJ(CILLP +0,) (11.32)

c

Substituting 4. = 4,, and y. =y, into Eq. (11.1), and then substituting it into Eq. (11.32), and
solving it gives the equation for the rising phase of the water surface profile for a channel
with upstream inflow, which is valid for L, < x. < L.
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12

0.735
—W +{W? +4 592{"}1/0'0526 (qLL,, +0, )}

S1/2
v, = (11.33)

from Eq. (4.51), the distance L, is:

Lp = M (11.34)
q;
For a channel with zero upstream inflow (Q, = 0), Egs. (11.30)-(11.34) reduce to:
0.735
0 WO,
A = 2.295[%/2‘]“ (11.35)
0.7357Y2
J 00526
—W | W+ 4.592{”6 -
y, = - ‘ (11.36)
which are valid for 0 < x. <L,
0.735
" W0‘0526(]L I
— ¢ P
Ap = 2.295{T (11.37)
0.735 V2
, nCWO.OSZ()qLLp
—W -+ W~ +4.592z 0
s>
Y, = . (11.38)
which are valid for L, < x. < L., and
L = % (11.39)

P

qr
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11.11. DURATION OF PARTIAL
EQUILIBRIUM DISCHARGE

Substituting Eqs. (11.10) and (11.11) into Eq. (4.63) gives the equation for the duration
of partial equilibrium discharge for a channel with upstream inflow:

Sl/2 n W0'0526Q 0.735 1.360
chL + Qu - 0323([/1;00526j 2295(le/2uj + 60quq

n,

c c

;= (11.40)

Sl/zq n WO‘0526Q 0.735 0.360
26'54{,,11:[}@] 2.295[CSW'4J +60g,1,

c c

For a channel with zero upstream inflow (Q, = 0), Eq. (11.38) reduces to:

S1/2
L _8462(’1 c . ]q2.360t1.360

q
t, = (11.41)

11.12. HYDROGRAPH - EQUILIBRIUM PHASE

As shown in figures 4.2 and 4.3, the hydrograph may reach partial equilibrium or
equilibrium depending on the duration of lateral inflow #,. If #, < t,, the hydrograph reaches
partial equilibrium with a constant discharge Q,. If ¢, > #, the hydrograph reaches equilibrium
with a constant discharge Q..

11.12.1. Partial Equilibrium Discharge

Substituting Eqgs. (11.10) and (11.11) into Eq. (4.66) gives the equation for the partial
equilibrium discharge for a channel with upstream inflow:

1.360

g2 7 00526 0.735
0, = 0.323[Tj 2.295(u +60q,1, (11.42)
n

0.0526 12

c c

For a channel with zero upstream inflow (Q, = 0), Eq. (11.42) reduces to:
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12

S, 1.360
n W 00526 j(thq ) (11.43)

0, = 84.62[

Equations (11.42) and (11.43) are valid for ¢, <t < (¢, + t4).

11.12.2. Equilibrium Discharge

From Eq. (4.69), the equation for the equilibrium discharge for a channel with upstream
inflow is:

0.=0,+q,L, (11.44)
For a channel with zero upstream inflow (Q, = 0), Eq. (11.44) reduces to:
0,=q.L, (11.45)

Equations (11.44) and (11.45) are valid for, < ¢ <1,

11.13. WATER SURFACE PROFILE - EQUILIBRIUM PHASE

Substituting Eqgs. (11.10) and (11.11) into Eq. (4.71) gives the equation for the
equilibrium flow area profile for a channel with upstream inflow between —L, < x. < L.

0.0526 0.735
A= 2.295{(%}(%% +0, )} (11.46)

c

Substituting Eq. (11.1) into Eq. (11.46), and solving it gives the equation for the rising phase
of the water surface profile for a channel with upstream inflow, which is valid for —L, < x.

< Ly

1/2

0.0526 0.735
—W W+ 4.592{ il éﬁéxﬁ o )}

c

y, = (11.47)
z

For a channel with zero upstream inflow (Q, = 0), Egs. (11.46) and (11.47) reduce to:
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0.0526 0.735
A4 = 2.295£MJ (11.48)

1/2

0.0526 0.735
—W | W+ 4.5922[MJ
s2

c

(11.49)

Ye =
z

which are valid for 0 < x. < L.

11.14. EQUILIBRIUM DETENTION STORAGE

Substituting Eqgs. (11.10) and (11.11) into Eq. (4.78) gives the equilibrium detention
storage for a channel with upstream inflow:

0.0526 0733 1.735 1.735
D, = 1.322(”"WI . J {(Q“ +g,L) " -0, (11.50)
S q

c

For a channel with zero upstream inflow (i.e. Q, = 0), Eq. (11.50) reduces to:

12
c

0.0526 0.735
D, = 1.322(’”—%) L (1151)

11.15. WATER SURFACE PROFILE — FALLING PHASE

Substituting Eqgs. (11.10) and (11.11) into Eq. (4.91) gives the equation for the falling
phase of the water surface profile for a channel with upstream inflow, which is valid for L; <

Xc < L.

/2 41360 T
0.323(‘%0) -0,

0.0526
nWwW

q;

(11.52)

0.0526
w

2 40360
x, = 26.36(i—cj(t —1, )+

c

Substituting Eq. (11.1) into Eq. (11.52) gives the equation for the falling phase of the water
surface profile for a channel with upstream inflow, which is valid for L¢ < x. < Le:
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S2(0.529% +my, )™
0.323 — C o -0,
(0522 + v, )™ n°
x. =26.36 2 e t_;q)+ (11.53)
CW A QL
From Eq. (4.92), the equation for the flow area profile between 0 < x. < L¢is:
0.735
n W 00526
A4 =2 295(%/294 (11.54)

Substituting Eq. (11.1) into Eq. (11.54) gives the equation for the falling phase of the water
surface profile for a channel with upstream inflow, which is valid for 0 < x. < Lg

1/2

0.735
0.0526

nC W Qu J

—-W+|\W? +4.592{ ]
S

V. = (11.55)
z

Substituting Eqgs. (11.10) and (11.11) into Eq. (4.94) gives the equation for the distance Ly for
a channel with upstream inflow, which is valid for t > tg:

c
n

c

Sl/2 0.735
L= 35.56(W] 01, (11.56)

For a channel with zero upstream inflow (Q, = 0), Egs. (11.52) and (11.53) reduce to:

B 12 41360 \ ]
0.323(“}
/2 40.360 Jy 0.0526
x, = 26.357[110ij(¢ —1, )+ qc (11.57)
c L
03 3[S3/2 (0522 +my, ) ]
. W0.0526
¢ (11.58)

q;
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which are valid for 0 <x. <L

11.16. HYDROGRAPH - FALLING PHASE

Substituting Eqs. (11.10) and (11.11) into Eq. (4.101) gives the equation for the falling
phase of a hydrograph for a channel with upstream inflow:

0.0281( n oo \*™ 0.-0
t= 'QO'%S [ vsl/z ] Lc—(—"q ] +1, (11.59)
c L

For a channel with zero upstream inflow (Q, = 0), Eq. (11.59) reduces to:

0.0281( n w02 0.735
= Q0-265 ( 651/2 L. - % +1, (11.60)
C ¢ )
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Chapter 12

12. WORKING FORMULAS FOR FLOW
IN TRIANGULAR CHANNEL

In this Chapter, based on the Manning’s equation, the kinematic wave parameters for
flow in a triangular channel are derived. By applying these parameters to the general formulas
in Chapter 4, working formulas for the flow depth; flow velocity; average flow velocity; wave
celerity; average wave celerity; time of travel; rising, equilibrium and falling phases of
hydrograph; forward characteristic; rising, equilibrium and falling phases of water surface
profiles; duration of partial equilibrium discharge; and equilibrium detention storage are also
derived.

12.1. KINEMATIC WAVE PARAMETERS

For flow in a triangular channel as shown in figure 12.1, the flow area 4., and the wetted
perimeter P, are related to the flow depth, y. and the reciprocal of channel side slope, z as
follows:

A =z’ (12.1)

P=2y (1+2)" (12.2)
Substituting Egs. (12.1) and (12.2) and 4 = 4. into Eq. (3.2) gives:

a8

(12.3)

Substituting Eq. (12.1) into Eq. (12.3) gives:
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Figure 12.1. Cross-section of Triangular Channel.

1( zA v
R=—|—= 12.4
2(1+22j (124

Substituting Eq. (12.4)and 9 = Q.,S =S., 4 =A4., n = n. into Eq. (3.1) gives:

e - /3
QC:O.630[ ¢ J( j AP (12.5)

n 1422

c

A comparison of Eq. (12.5) with Eq. (4.7) gives the kinematic wave parameters (Wong
2008b):

12 173
o =0.630] 2 z (12.6)
¢ n 1422

B. = (12.7)

12.2. FLow DEPTH

Substituting Eq. (12.1) into Eq. (12.5) gives:

12 s \¥3
QC=O.63O(S" ][ z J ¥ (12.8)

2
n, \l1+z

Rearranging Eq. (12.8) gives the equation for the flow depth for a channel with and without
upstream inflow:
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n,Q " 1+2° v
yczl.190( SC'I/ZCJ ( . j (12.9)

¢ z

12.3. FLow VELOCITY

Substituting Egs. (12.6) and (12.7) into Eq. (4.12) gives the equation of flow velocity
along the equilibrium profile for a channel with upstream inflow:

2 \3/4 /4
v=0.707£S0 J {Z(Q“ +qu0)} (12.10)

n 1+ 22

c

For a channel with zero upstream inflow zero upstream inflow (Q, = 0), Eq. (12.10)
reduces to:

24 /4
p=0.707 S| (24 (12.11)
n 1+ z2

12.4. AVERAGE FLOW VELOCITY

Substituting Eqs. (12.6) and (12.7) into Eq. (4.15) gives the equation of average flow
velocity for a channel with upstream inflow:

/4 1/4
Si2 ’ z
0.530] —= L
B ( n, 1422) D

Vav - (Q +q I )3/4 —Q 3/4 (1212)

u L™c u
For a channel with zero upstream inflow (Q, = 0), Eq. (12.12) reduces to:

3/4 1/4

S L

v =0.5300 2| |2z (12.13)
av 2
n, I+z

12.5. KINEMATIC WAVE CELERITY

Substituting Eqgs. (12.6) and (12.7) into Eq. (4.29) gives the equation of wave celerity
along the equilibrium profile for a channel with upstream inflow:



154 Tommy S.W. Wong

n 1+ 22

c

3/4 1/4
s? z2(Q, +q,x
c, = 0.943( € 0, +q,x.) (12.14)
For a channel with zero upstream inflow (Q, = 0), Eq. (12.14) reduces to:

/4 1/4
g2 3
c, = 0.943[ n j ﬁf; (12.15)

c

12.6. AVERAGE WAVE CELERITY

Substituting Egs. (12.6) and (12.7) into Eq. (4.32) gives the equation of wave celerity for
a channel with upstream inflow:

/4 1/4
S'? ’ z
0.707| —< L
B [ n, j 1+ 22 Tt

Coy (Q 1 g I )3/4 —Q 3/4 (1216)
u L™ ¢ u
For a channel with zero upstream inflow (Q, = 0), Eq. (12.16) reduces to:
3/4 1/4
S L
¢ =0707 2| | Zite (12.17)
“ n 1+2°

12.7. TiIME OF TRAVEL

Substituting Egs. (12.6) and (12.7) into Eq. (4.35) gives the equation of time of travel for
a channel with upstream inflow:

3/4 5 1/4 3/4_ 34
tt=0.0236( n] (1”] {(QMWLLJ Q, } (12.18)

Sl/2 z qL

c

For a channel with zero upstream inflow (Q, = 0), Eq. (12.18) reduces to:

7V )
tt:0.0236(’;’l/2‘} ( 2 J (12.19)
q,

c
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12.8. HYDROGRAPH — RISING PHASE

Substituting Egs. (12.6) and (12.7) into Eq. (4.45) gives the equation for the rising phase
of the hydrograph for a channel with upstream inflow:

/4 1/4 43
SV? z v n. } 1+ z2
0. :O.630( < ](1 2) 1.414 él%‘ . +60q,t (12.20)

n +z

c

For a channel with zero upstream inflow (Q, = 0), Eq. (12.20) reduces to:

Sl/z - /3
Qc=148.0£ j( zj (q,0)" (12.21)

1+z

Equations (12.20) and (12.21) are valid for < ¢,.

12.9. FORWARD CHARACTERISTIC - RISING PHASE

Substituting Eqs. (12.6) and (12.7) into Eq. (4.47) gives the equation for the forward
characteristic of the rising phase for a channel with upstream inflow:

34 N1 Y4 s
z=0.0236(;") (HZJ {(Q“Jr%xc) Q, } (12.22)

11/2 Z q;

c

For a channel with zero upstream inflow (Q, = 0), Eq. (12.22) reduces to:

3/4 e /4
t:o.0236[’;°‘ff;j ( b J (12.23)
. g,

c

12.10. WATER SURFACE PROFILE — RISING PHASE

Substituting Egs. (12.6) and (12.7) into Eq. (4.49) gives the equation for the rising phase
of the flow area profile for a channel with upstream inflow, which is valid for 0 < x. < L,:

3/4

NV
A, =1414 ( i )(H—Z] (0, +q,x,) (12.24)
z
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Substituting Eq. (12.1) into Eq. (12.24) gives the equation for the rising phase of the water
surface profile for a channel with upstream inflow, which is valid for 0 < x. < L,:

3/8

13
n 142>
y, =1.189 [S‘?Z j(?] (0, +q,x.) (12.25)

c

Substituting Egs. (12.6) and (12.7) into Eq. (4.50) gives the equation for the rising phase of
the flow area profile for a channel with upstream inflow, which is valid for L, < x. < L.:

3/4

13
n, 1+2°
A, =1414 (SI/Z]( : j (0, +4.L,) (12.26)

c

Substituting 4. = 4,, and y. =y, into Eq. (12.1) and then substituting it into Eq. (12.26) gives
the equation for the rising phase of the water surface profile for a channel with upstream
inflow, which is valid for L, < x. < L.

3/8

13
n, (1+z°
y,=1.189 (WJLTJ (0,+4,L,) (12227)

From Eq. (4.51), the distance L, is:

. _9,-0

(12.28)
g q:

For a channel with zero upstream inflow (Q, = 0), Eqgs. (12.24)-(12.28) reduce to:

1/37]
B n.g,Xx, 1+2°
A =1.414 W[ ; j (12.29)
r 3/8
_ n.gq,x, 1+ 22 v
Y. =1.189 W 5 (12.30)
. z

which are valid for 0 < x. <L,
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1/37]
ng,L,(1+z°
Ap =1.414 Sl'/Zp( - J (12.31)
- PREL
nq,L,(1+2%)
v, =1.189 %(z—f] (12.32)
which are valid for L, < x. < L., and
L :% (12.33)

P

qr

12.11. DURATION OF PARTIAL
EQUILIBRIUM DISCHARGE

Substituting Eqs. (12.6) and (12.7) into Eq. (4.63) gives the equation for the duration of
partial equilibrium discharge for a channel with upstream inflow:

/4 14 43
sEY oz ) n0 ) (1422
Lg, +0, —0.630( " 22 1.414 g2 — +60q,1,
_ ¢ ¢ (12.34)
v sV 2q z v n.Q " 1+z° v "
c L cZu
For a channel with zero upstream inflow (Q, = 0), Eq. (12.34) reduces to:
NE - /3 1
c /3 ,4/3
Lc—148.0( . . q.°t,
= Z (12.35)

12.12. HYDROGRAPH - EQUILIBRIUM PHASE

As shown in figures 4.2 and 4.3, the hydrograph may reach partial equilibrium or
equilibrium depending on the duration of lateral inflow #,. If #, < t,, the hydrograph reaches
partial equilibrium with a constant discharge Q,,. If ¢, > #, the hydrograph reaches equilibrium
with a constant discharge Q..
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12.12.1. Partial Equilibrium Discharge

Substituting Eqgs. (12.6) and (12.7) into Eq. (4.66) gives the equation for the partial
equilibrium discharge for a channel with upstream inflow:

43
Sl/2 1/3 3/4 2 1/4
0, :0,630( c J( z 2) 1.414 ”S% I+z +60q,1, | (12.36)

1+z . z

For a channel with zero upstream inflow (Q, = 0), Eq. (12.36) reduces to:

1/2 /3
Qp:mg’o[sc j( ; ] (.2, (12.37)

1+z°

Equations (12.36) and (12.37) are valid for ¢, <t < (¢, + t,).

12.12.2. Equilibrium Discharge

From Eq. (4.69), the equation for the equilibrium discharge for a channel with upstream

inflow is:
0.=0,+q,L, (12.38)
For a channel with zero upstream inflow (Q, = 0), Eq. (12.38) reduces to:
0.=q,L, (12.39)

Equations (12.38) and (12.39) are valid for ¢, < r < ¢,.

12.13. WATER SURFACE PROFILE - EQUILIBRIUM PHASE

Substituting Egs. (12.6) and (12.7) into Eq. (4.71) gives the equation for the equilibrium
flow area profile for a channel with upstream inflow between —L, < x. < L,.

3/4

1/3
n, \1+z°
A =1.414 [WJ[TJ (0, +q¢,x,) (12.40)

c

Substituting Eq. (12.1) into Eq. (12.40) gives the equation for the equilibrium water surface
profile for a channel with upstream inflow, which is valid for -L, < x. < L,:
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3/8

13
n 142>
y, =1.189 [S‘?Z j(?] (0, +q,x.) (12.41)

c

For a channel with zero upstream inflow (Q, = 0), Egs. (12.40) and (12.41) reduce to:

B 1/3
B ngx, (l+z°
A =1.414 SLI,/Z ( . ] (12.42)
= 3/8
ng,x, 1+ z? v
y. =1.189 | 7 (12.43)

which are valid for 0 < x. < L.

12.14. EQUILIBRIUM DETENTION STORAGE

Substituting Egs. (12.6) and (12.7) into Eq. (4.78) gives the equilibrium detention storage
for a channel with upstream inflow:

. I“(sz J“{(Qu +q,L.)" —QZ/“} 14t

2
1~/ z qr

c

D, = 0.808(

For a channel with zero upstream inflow (i.e. O, = 0), Eq. (12.44) reduces to:

3/4 1422 1/4
Dm:o.sos(%j ( sz g (12.45)

c

12.15. WATER SURFACE PROFILE — FALLING PHASE

Substituting Egs. (12.6) and (12.7) into Eq. (4.91) gives the equation for the falling phase
of the flow area profile for a channel with upstream inflow, which is valid for L, < x, < L.:
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1/2

X, = 50.40( ¢

nC

z4,
1+ 27

]1/3

(-

)+

0.630[

e

nC

zA!
1+2°

/3
e

q:

(12.46)

Substituting Eq. (12.1) into Eq. (12.46) gives the equation for the falling phase of the water

surface profile for a channel with upstream inflow, which is valid for L, <x. < L.:

Zsys
j(l +z°

Sl/2

n

c

X, = 50.40(

|

/3
e

q;

From Eq. (4.92), the equation for the flow area profile between 0 < x, < L/is:

nC Qu

1+ 22

A, :1.414[

c

1/2

J

z

J1/4

(12.47)

(12.48)

Substituting Eq. (12.1) into Eq. (12.48) gives the equation for the falling phase of the water

surface profile for a channel with upstream inflow, which is valid for 0 <x. <Ly

anu

1422

v, =1.190(

c

12

J

5

z

JI/S

(12.49)

Substituting Eqs. (12.6) and (12.7) into Eq. (4.94) gives the equation for the distance L, for a
channel with upstream inflow, which is valid for ¢ > #;:

i

Y3
zZ
] } 0"

+z

(t~,)

(12.50)

For a channel with zero upstream inflow (0, = 0), Eqs. (12.46) and (12.47) reduce to:
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[ 12 4 \V3]
” s 0.630 2 | 24
S, ZA, ( ) n, \l+z
x, =50.40 e | (e—1,)+

| p (12.51)
c L
] .-
g2 5 8\!
S 0.630| 2 | =
S (Z ) n, \1+z
x. =50.40) S | e (-2, )+ (12.52)
n, +z q.

which are valid for 0 <x,.< L,

12.16. HYDROGRAPH - FALLING PHASE

Substituting Egs. (12.6) and (12.7) into Eq. (4.101) gives the equation for the falling
phase of a hydrograph for a channel with upstream inflow:

3/4 1 2 1/4
t:0.0177(:&2j ( +QZ ] [Lc_(ﬁj}_tq (12.53)
c z c qL

For a channel with zero upstream inflow (Q, = 0), Eq. (12.53) reduces to:

3/4 ! S \V4
t=0.0177£;1;2J ( +QZ J {LC—(Q"H+% (12.54)
c z c qL
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Chapter 13

13. WORKING FORMULAS FOR FLOW
IN VERTICAL CURB CHANNEL

In this Chapter, based on the Manning’s equation, the kinematic wave parameters for
flow in a vertical curb channel are derived. By applying these parameters to the general
formulas in Chapter 4, working formulas for the flow depth; flow velocity; average flow
velocity; wave celerity; average wave celerity; time of travel; rising, equilibrium and falling
phases of hydrograph; forward characteristic; rising, equilibrium and falling phases of water
surface profiles; duration of partial equilibrium discharge; and equilibrium detention storage
are also derived.

13.1. KINEMATIC WAVE PARAMETERS

For flow in a vertical curb channel as shown in figure 13.1, the flow area A., and the
wetted perimeter P, are related to the flow depth, y. and the reciprocal of channel side slope, z
as follows:

A =0.5zy’ (13.1)

Py fi++22)"] (13.2)
Substituting Egs. (13.1) and (13.2) and 4 = 4. into Eq. (3.2) gives:

R— 0.5zy,

_m (13.3)

Substituting Eq. (13.1) into Eq. (13.3) gives:
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Figure 13.1. Cross-section of Vertical Curb Channel.

0.707z72 4"?
R=—"H>""2— (13.4)

1+(1+zz)1/2

Substituting Eq. (13.3)and Q = Q., S =S, 4=4., n = n. into Eq. (3.1) gives:

13

sV2 z
0, =0.794 =< T A (13.5)
e l1+(1+zz) J

A comparison of Eq. (13.5) with Eq. (4.7), gives the kinematic wave parameters (Wong
2008b):

/3

12
a, = 0.794(‘96 ] z (13.6)

B. = (13.7)

13.2. FLow DEPTH
Substituting Egs. (13.1) into Eq. (13.5) gives:

1/3

12 5
0. = 0.315£S" J z y (13.8)

R [l+(1+22)/2J2
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Rearranging Eq. (13.8) gives the equation for the flow depth for a channel with and without
upstream inflow:

/8

y = 1.542(”"Q6j3/8 [H(sz)wlz (13.9)

1/2 5
. z

13.3. FLow VELOCITY

Substituting Eqgs. (13.6) and (13.7) into Eq. (4.12) gives the equation of flow velocity
along the equilibrium profile for a channel with upstream inflow:

1/4

sl? " z
= 0.841( c j 0, +q,x. )" (13.10)
n. l1+<1+zz)l/2jz
For a channel with zero upstream inflow zero upstream inflow (Q, = 0), Eq. (13.10)
reduces to:

1/4

/4
g2 3
v:0.841( < J 241 (13.11)

e ll+(1+zz)l/2JZ

13.4. AVERAGE FLOW VELOCITY

Substituting Eqs. (13.6) and (13.7) into Eq. (4.15) gives the equation of average flow
velocity for a channel with upstream inflow:

1/4

Y2 \Y4
0.631] > z q,L
) /2 D L™
B 7, 1+(1+z )’ 15.12)
av (Qu n qLLc )3/4 _Qu3/4 :
For a channel with zero upstream inflow (Q, = 0), Eq. (13.12) reduces to:
34 1/4
Sy L
v =0.631 < i (13.13)
av 5 \12
n ll + (1 +z ) J2
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13.5. KINEMATIC WAVE CELERITY

Substituting Egs. (13.6) and (13.7) into Eq. (4.29) gives the equation of wave celerity
along the equilibrium profile for a channel with upstream inflow:

/4

Sy " z
¢, :1.122( ¢ j 0, +¢,x. )" (13.14)

b+ﬁ+zﬂmr

For a channel with zero upstream inflow (Q, = 0), Eq. (13.14) reduces to:

S1/2 34 1/4
c, =1.122( < ] 241 (13.15)

h+(y+zzy2f

13.6. AVERAGE WAVE CELERITY

Substituting Egs. (13.6) and (13.7) into Eq. (4.32) gives the equation of wave celerity for
a channel with upstream inflow:

1/4

2\ Y4

0.841] 5 z q,L

) /22 L™ ¢
n 1+(1+Z y

¢, = Gral) -0 (13.16)
u L™ ¢ u

For a channel with zero upstream inflow (Q, = 0), Eq. (13.16) reduces to:

1/4

12 3/4 I
Co =0.841[SC J ik (13.17)

e b+(y+zzyzf

13.7. TIME OF TRAVEL

Substituting Egs. (13.6) and (13.7) into Eq. (4.35) gives the equation of time of travel for
a channel with upstream inflow:

; 3/4 [1+(1+22)1/2]2 /4 (Q val )3/4_Q3/4
tt:0.0198[ ] , , { u TL e u (13.18)

S z q;

c
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For a channel with zero upstream inflow (Q, = 0), Eq. (13.18) reduces to:

ni )" [1+(1+ 2)1/2]2 :
9 =0.0198( "l/;) = (13.19)

zqy

c

13.8. HYDROGRAPH — RISING PHASE

Substituting Egs. (13.6) and (13.7) into Eq. (4.45) gives the equation for the rising phase
of the hydrograph for a channel with upstream inflow:

4/3

g 13 0 34 [1+(1+ 2)1/2]2 1/4
=0.7 ¢ . cZu | | + qt .
 =0.794 z 1.189) 2 z 60g,¢ | (13-20)
14+ (1+22)" s! z

. +z

For a channel with zero upstream inflow (Q, = 0), Eq. (13.20) reduces to:

13

S1/2 z s
0. =186.5| == (q,2)" (13.21)

e ll+(l+zz)l/2JZ

Equations (13.20) and (13.21) are valid for ¢ < ¢,

13.9. FORWARD CHARACTERISTIC - RISING PHASE

Substituting Eqgs. (13.6) and (13.7) into Eq.(4.47) gives the equation for the forward
characteristic of the rising phase for a channel with upstream inflow:

3/4 1/2 ya
Sy zZ q; .

c

t= 0.0198(

For a channel with zero upstream inflow (Q, = 0), Eq. (13.22) reduces to:

1/4

3/4 1/2
t=0.0198(';“ff;J [H(HZZZ)]Z (13.23)

c
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13.10. WATER SURFACE PROFILE — RISING PHASE

Substituting Egs. (13.6) and (13.7) into Eq. (4.49) gives the equation for the rising phase
of the flow area profile for a channel with upstream inflow, which is valid for 0 < x. < L,:

3 3/4

1/2
4,=1.189 [SH&Q] [H(HZZZ) ]Z (0, +q,x.) (13.24)

c

Substituting Eq. (13.1) into Eq. (13.24) gives the equation for the rising phase of the water
surface profile for a channel with upstream inflow, which is valid for 0 < x. < L,:

. 3 38
2
y. =1.542 ( e J [H(HZ ) ]2 (0, +4¢,x.) (13.25)

12 5
. z

Substituting Egs. (13.6) and (13.7) into Eq. (4.50) gives the equation for the rising phase of
the flow area profile for a channel with upstream inflow, which is valid for L, <x. < L.:

3/4

bofe )]
A, =1.189 [ & j A (0,+4,L,) (13.26)

1/2
¢ z

Substituting 4. = 4,, and y. =y, into Eq. (13.1) and then substituting it into Eq. (13.26) gives
the equation for the rising phase of the water surface profile for a channel with upstream
inflow, which is valid for L, < x. < L.

3/8

REDEI
v, =1.542 [ L ] 1412 0, +4.L,) (13.27)

Scl‘/z ZS

From Eq. (4.51), the distance L, is:

. _9,-0

(13.28)
g q:

For a channel with zero upstream inflow (Q, = 0), Egs. (13.24)-(13.28) reduce to:
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[ /2]Z v
2
4, =1.189| eIt +0+22)" (13.29)
S z
[ ( )/2 13\ Y8
ngx, |[1+{1+z° ]Z
v, =1.542) “edite ] e (13.30)

which are valid for 0 < x. <L,

TLARS "
na,L, 1+ 2)°f

4, =1189 * - (1331)
AP
y, =1.542 n‘;];L/ZL" [H(I;Z ) ]Z (13.32)
which are valid for L, < x, < L, and
L, =% (13.33)
q,

13.11. DURATION OF PARTIAL EQUILIBRIUM DISCHARGE

Substituting Eqs. (13.6) and (13.7) into Eq. (4.63) gives the equation for the duration of
partial equilibrium discharge for a channel with upstream inflow:

13 ya " 14 43
s 1+(1+ 22
Lgq, +Qu—0.794( n J{ 1+(1+Zzz)l/2 } [1,189("5[1%] {[ +( +Zz ) ]Z} +60thqJ (13.34)
B /4 13
63.52{ SLI‘/Z"LJ z 1.189(”‘% Jm [H(HZZ)]/Z]Z +60q,1,
o AT R : ,

For a channel with zero upstream inflow (Q, = 0), Eq. (13.34) reduces to:
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13

S z
L —186.5) = gt
1+(1+22)1/2 !

t, = 5 (13.35)

248.7(561/2) Auly?
N, {H(sz)l/zjz

13.12. HYDROGRAPH - EQUILIBRIUM PHASE

As shown in figures 4.2 and 4.3, the hydrograph may reach partial equilibrium or
equilibrium depending on the duration of lateral inflow #,. If #, < #,, the hydrograph reaches
partial equilibrium with a constant discharge Q,. If ¢, > #,, the hydrograph reaches equilibrium
with a constant discharge Q..

13.12.1. Partial Equilibrium Discharge

Substituting Egs. (13.6) and (13.7) into Eq. (4.66) gives the equation for the partial
equilibrium discharge for a channel with upstream inflow:

13 / 4/3

1/4
12 34 [ 5 1/2]Z
Q,,=0.79{SEJ z 1.18{”5%J el )] +60g,t, | (13.36)

1, 1+(1+zz)1/2 z

c

For a channel with zero upstream inflow (Q, = 0), Eq. (13.36) reduces to:

13

NE
0, =186.5( < J z (g,2,)" (13.37)

e l1+(1+zz)l/2JZ

Equations (13.36) and (13.37) are valid for ¢, <t < (¢, + 1,).

13.12.2. Equilibrium Discharge

From Eq. (4.69), the equation for the equilibrium discharge for a channel with upstream
inflow is:

0,=0,+q,L, (13.38)
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For a channel with zero upstream inflow (Q, = 0), Eq. (13.38) reduces to:

0, =q,L, (13.39)

Equations (13.38) and (13.39) are valid for#, < ¢ <1,

13.13. WATER SURFACE PROFILE - EQUILIBRIUM PHASE

Substituting Egs. (13.6) and (13.7) into Eq. (4.71) gives the equation for the equilibrium
water surface profile for a channel with upstream inflow between -, < x. < L,

113 3/4

1/2
A4,=1.189 ( it J [H(sz) ]Z (0, +4g,x.) (13.40)

s'? z

C

Substituting Eq. (13.1) into Eq. (13.40) gives the equation for the equilibrium water surface
profile for a channel with upstream inflow, which is valid for —-L, < x. < L,

3/8

[ 2 /2]2 v
y, =1.542 ( i ] 1+(1+2?) (0, +q,x.) (13.41)

12 5
. z

For a channel with zero upstream inflow (Q, = 0), Egs. (13.40) and (13.41) reduce to:

34

1/3
1/2
n.gq,x, [1+ 1+2° ]Z
A, =1.189 51?2 ( . ) (13.42)
13 3/8
/2
ng,x [1+ 1+22) .Iz
y. =1.542 “gﬁf ( = ) (13.43)

which are valid for 0 < x.< L.
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13.14. EQUILIBRIUM DETENTION STORAGE

Substituting Egs. (13.6) and (13.7) into Eq. (4.78) gives the equilibrium detention storage
for a channel with upstream inflow:

) 34 [1+(1+Zz)1/2]z /4 (Q vl )7/4_Q7/4
DEC:O.679( J { R ‘ } (13.44)

1/2 z qL

c

For a channel with zero upstream inflow (i.e. 0, = 0), Eq. (13.44) reduces to:

/4
¥4 [ ) 1/2]Z 1
D, :0.679( % ) L) gL (13.45)

12
. z

13.15. WATER SURFACE PROFILE — FALLING PHASE
Substituting Egs. (13.6) and (13.7) into Eq. (4.91) gives the equation for the falling phase

of the water surface profile for a channel with upstream inflow, which is valid for L <x,
<L..

/3
12 44
P 13 0794(5;; \J{ ( Z. cz)l/2 2} _Qu 13.46
! e 1+ (1 .
xl.=63.52[s" J{ (ZA" - 2} (-1,)+ e (13.46)
1+ (1

nc +Z2)2 qL

Substituting Eq. (13.1) into Eq. (13.46) gives the equation for the falling phase of the water
surface profile for a channel with upstream inflow, which is valid for Ly < x, < L:

13
12 5.8
" 0.315(*%){ (z ycz)l/2 2} 0,
c 1+(1+
J (1-1,)+ z (13.47)

q

2
X, =50.42(Sf J — e
n, 1+(1+z2)1

From Eq. (4.92), the equation for the flow area profile between 0 < x. < L¢is:
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b 1/4

ya ([ 2 2 ]
A :1.189("cQ“J 1+(+22) (13.48)

12 -

c

Substituting Eq. (13.1) into Eq. (13.48) gives the equation for the falling phase of the water
surface profile for a channel with upstream inflow, which is valid for 0 < x. < Lg

nQ " [1+<1+zz)1/2.|Z "
yc=1-542[ ‘ ] (13.49)

S1/2 5

¢ z

Substituting Egs. (13.6) and (13.7) into Eq. (4.94) gives the equation for the distance L for a
channel with upstream inflow, which is valid for t > t:

13\

S z
Lf=67.29( c ] 0"(t-1,) (13.50)

o )=

For a channel with zero upstream inflow (Q, = 0), Egs. (13.46) and (13.47) reduce to:

1/3
1/2 4
12 " 01794[S;J{ ZAcz 1/2 2}
X, =63.52(Sc]{ (ZAc B } (,_tq)+ ‘ 1+(1+Z ) (13.51)
1+

. 1+zz)1 qr

12 5.8
0.315[510} z e

n _1+(1+22)1/2_2 (13.52)

c

sPY 2/3( )
X, =50.42( " j Ty e .

which are valid for 0 < x, <L,
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13.16. HYDROGRAPH - FALLING PHASE

Substituting Egs. (13.6) and (13.7) into Eq. (4.101) gives the equation for the falling
phase of a hydrograph for a channel with upstream inflow:

" ' 1/4
t:0.0149[;"J b+ +22)°] {L _[Mﬂ”q (13.53)

1~/2 ZQC ‘ qL

c

For a channel with zero upstream inflow (Q, = 0), Eq. (13.53) reduces to:

1/4

3/4 2 \/2
t:0.0149( e J [”(1” ) ]z {Lc—(gﬂwq (13.54)

S i ZQC qL

c
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APPENDICES

APPENDIX A. APPLICABILITY
OF KINEMATIC WAVE THEORY

A.l. Flow on Overland Plane

The applicability of the kinematic wave theory to overland flow situations with sufficient
accuracy as compared to the solution from the Saint Venant equations have been investigated
by several researchers (Woolhiser and Liggett 1967, Ponce et al. 1978, Morris and Woolhiser
1980). For overland flow, the applicability of the theory can be defined by the Morris and
Woolhiser (1980) criterion:

KF?>5 (A.1)

where K = kinematic flow number, and F, = Froude number at the end of the plane at
equilibrium. The parameter KF, can be related to the physical characteristics of an overland
plane and the rainfall intensity as follows (Wong 2005b):

S1A3LO,4
KF’ =8586| —2—> (A.2)
|:7’l 0.6 (Crl.)O,é :|

o

where S, = slope of the overland plane, L, = length of the overland plane, and n, = Manning’s
roughness coefficient of the overland surface, C, = runoff coefficient, and i = rainfall
intensity. Substituting Equation (A.2) into Equation (A.1) gives:

13704
{SU#:I >0.000582 (A.3)

n00A6 (Crl.)O.6

In general, the theory is applicable to overland flow situations where the backwater effect
is not significant (Overton and Meadows 1976).
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A.2. Flow in Open Channel

The applicability of the kinematic wave theory to open channel flow situations with
sufficient accuracy as compared to the solution from the diffusive wave equations can be
defined by the Ponce et al. (1978) criterion:

T
ro LAY ) ags (A4)

Vs

where © = dimensionless wave period. 7,, = wave period that can be taken as twice the time-
of-rise of the flood wave (Ponce 1991), S, = channel bed slope, vy = steady-state, uniform,
mean flow velocity in the channel, and y, = steady-state, uniform, flow depth in the channel.

As a rule of thumb, the American Society of Civil Engineers (1996, 1997) simplified the
criterion to:

S.>0.002 (A.5)

In general, the theory is applicable to most open channel flow situations where backwater
effect is not significant (Overton and Meadows 1976).
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APPENDIX B. GENERAL FORMULAS
FOR FLOW ON OVERLAND PLANE

B.1. Flow Depth

I/ﬁn
0{0

B.2. Flow Velocity
V= [ao (g, +C.ix, )ﬂ°_] ]l/ﬁ"

B.3. Average Flow Velocity

1B, ~ -
I C.iL, ]

" plarcie)” —q," |

B.4. Kinematic Wave Celerity

& =h, [0!0 (g, +C.ix, )" ]l/ﬂo

B.5. Average Wave Celerity

a"Cil,
(g, + CiL )P =g "

u

av

B.6. Time of Concentration

_ 1 (qu + CriLo )l/ﬂf’ — qul/ﬂ”
° a 1B, Crl'

o

t
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B.7. Design Discharge

hﬁU
(CZC )l/b :|b+ﬂa—bﬂn
Qd Ag =| 55
o

L,/e,)"

B.8. Hydrograph — Rising Phase

B.9. Forward Characteristic — Rising Phase

. {(qﬁcrixa)l/ﬂ"—qul/ﬂ”}

Ci

B.10. Water Surface Profile — Rising Phase

1/,
+Cix
yo — [qu r (2] J
aO

for0<x,< L,

q, +C,,in 1A,
e
a

o

for L, <x,<L,



Kinematic-Wave Rainfall-Runoff Formulas

179

B.11. Duration of Partial Equilibrium Discharge

Vs,
CilL,+q,—-«a, qu +C.it,
a()
- vs, Aol
%aq{ﬂhj +qm]
a()

d
B.12. Hydrograph — Equilibrium Phase

ﬁ(}

B.12.1. Partial Equilibrium Discharge

15, b
. a{(q_uj +c,l-t,]
a()

fort, <t< (¢, +1)

B.12.1. Equilibrium Discharge
q. =4, +CiL,

fort,<t<t,

B.13. Water Surface Profile — Equilibrium Phase

118,
+C,ix,
yo — (qu r ]
aO

for0< x, <L,

B.14. Equilibrium Detention Storage

_ B, [(q L CL, VA

Do = A s ]
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B.15. Water Surface Profile — Falling Phase

B,
yo -
a,

for0<x,<Ls

B _
x() = a(]ﬂ()y()al(t_tr)-i_[aoyo—-quj
Ci

-
for L;<x,<L,

L =al pg (1)

B.16. Hydrograph - Falling Phase

L |14
Ci
+1

o VO i A

t=

fort>1t,
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APPENDIX C. GENERAL FORMULAS
FOR FLOW IN OPEN CHANNEL

C.1. Flow Area

l/ﬂ()
a,

C.2. Flow Velocity

v=le(0, + g5 )]

C.3. Average Flow Velocity

_ acl/ﬂc qLLc .
ﬂc |_(Qu + qLLc )l/ﬁ( - Qu l/ﬂc‘ J

av

C.4. Kinematic Wave Celerity

¢, =plato, va,5 )"

C.5. Average Wave Celerity

1/,
c = ac qLLc
av 175, 175
(Qu + qLLc ) - Qu

C.6. Time of Travel

1 (Qu +qLLC)1//}f _Qul/ﬂf
a, qr
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C.7. Hydrograph — Rising Phase

15, B,
Qc = ac [(%] + th]
ac

fort <t

C.8. Forward Characteristic — Rising Phase

1{@#%M%—Q%}

qr

C.9. Flow Area Profile — Rising Phase

1/ p.
A — [Qu +qL‘xcj

4
(24

c

forO<x.<L,

1/B.
A :[Qu +QLLpJ

i a,
for L, <x.<L,
. 9,70,
, =
q,

C.10. Duration of Partial Equilibrium Discharge

Q 1/B.
chL + Qu - ac [(Ofuj + thq}

Iy = B

18,
acﬂCQL{(guj +thq]

ﬂC




Kinematic-Wave Rainfall-Runoff Formulas

183

C.11. Hydrograph — Equilibrium Phase

C.11.1. Partial Equilibrium Discharge

/5, e
Qp = ac {(&] + QLtq]
a(‘

fort, <t<(t,+1,)

C.11.2. Equilibrium Discharge
Qe = Qu + qLLC

fort,<t<t¢,

C.12. Flow Area Profile — Equilibrium Phase

/B,
4 =[Mj

c
(24

c

for0<x.<L,

C.13. Equilibrium Detention Storage

D = p. (Qu +q,L, )(1+ﬂ[ )/ B. _Qu(1+ﬁ£ )/ .
ec (1 + ,BC )ai/ﬂ(. 7.

C.14. Flow Area Profile — Falling Phase

for0< x.<Ls
B
- a, A" —
x, = [acﬂcAcﬁa ](t—tq )]—I—(LQUJ

for Ly<x.<L.
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L, =a! B oW (t _ tq)

C.15. Hydrograph — Falling Phase

Lc_(QC—Quj
q;

= +
/B, B.-1)/B.
!’ p.o%

tq

fort>1,
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APPENDIX D. KINEMATIC WAVE PARAMETERS

D.1. Overland Plane

S1/2
a, =—"

n,

5
ﬂo - 3

D.2. Circular Channel

1/2 11/6
ac=0.501[S" D ]

n

c

D.3. Parabolic Channel

sz
a, = 0.493(%}[2/9)

13
ﬂc_ 9

D.4. Rectangular (Deep) Channel

1/21172/3
ac=0.630{S” W ]

n

c

B. =1
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D.5. Rectangular (Square) Channel

12
a, =O.481(S” ]
nC

4
ﬂc_3

D.6. Rectangular (Wide) Channel

S1/2
.= [ncp;z/z j

5
ﬂc_3

D.7. Trapezoidal Channel with Equal Side Slopes

12
a, = 0.340[L]
n

0.0909
w

B.=1379

D.8. Trapezoidal Channel with One Side Vertical

NE
a, = 0'323(7[ Wco‘oszéj

c

B. =1.360



Kinematic-Wave Rainfall-Runoff Formulas

187

D.9. Triangular Channel

1/2 3
o, =0.630 > ( - 2)
n, \l1+z

4
ﬂc_3

D.10. Vertical Curb Channel

13
a,= 0.794(53'/2} z
n, l1+(l+zz)'/2JZ

4
ﬂc_3
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APPENDIX E. WORKING FORMULAS FOR FLOW DEPTH

E.1. Overland Plane

3/5
n.q
y() = (SOI/ZJ

E.2. Circular Channel

3 2 4/5
—1.195(&J +1.801(&j +0.397(&j:2,213[ Q. J
D D D SC’/2D8/3

E.3. Parabolic Channel

0 6/13
nc C
Ve = 0'721(51/2]_[1/2 j

c

E.4. Rectangular (Deep) Channel

n.Q,
yc = 1587[S1/2W5/3 ]

c

E.5. Rectangular (Square) Channel

3/8
nQ,
V. :1.316( i ]

&

E.6. Rectangular (Wide) Channel

3/5
_[ nQ.
. [s:/sz
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E.7. Trapezoidal Channel with Equal Side Slopes

0.725 72
nCW0,0909QC J }

12
c

-W+ [W2 + 8.7482(

Ve = 2z

E.8. Trapezoidal Channel with One Side Vertical

n W0<0526Q 073572
—-W+|W? +4'592{HJ

Sl/2

Ve =
z

E.9. Triangular Channel

n.Q ” 1+27 v
yL=1190( 5]/2Cj [ ZS ]

E.10. Vertical Curb Channel

V.= 1.542(”€Qc T/g [1+ (1+22)V2]2

12 5
¢ z

/8
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APPENDIX F. WORKING FORMULAS FOR FLOW VELOCITY

F.1. Overland Plane

S1/2
n

o

35
y= 0.00238[ j (3.6x10°g, + C.ix, |°

F.2. Circular Channel

12 /6 45
v= 0.575( S, j 0, +q,x.)"
n

c

F.3. Parabolic Channel

F.4. Rectangular (Deep) Channel

Sg/2W2/3
n

c

V= 0.630(

F.5. Rectangular (Square) Channel

1/2

g 3/4
v=0.578( c j 0, +q,x. )"

n

c

F.6. Rectangular (Wide) Channel

35
SV 2/
V= [W (0, +4,x.)
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F.7. Trapezoidal Channel with Equal Side Slopes

Sl/z 0.725
y= {0.340(WJ(QL, 4., )0'379}

F.8. Trapezoidal Channel with One Side Vertical

S1/2 0.735
y= 0'436{(WJ(Q" 4., )0'360}

F.9. Triangular Channel

3/4 1/4
v=0.707(5c1/2j [z@ﬁm}

n 1+ 22

c

F.10. Vertical Curb Channel

g 34 1/4
4

v:0.841( ¢ j > 0, +q,x,)"
n. l1+(1+zz) JZ
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APPENDIX G. WORKING FORMULAS
FOR AVERAGE FLoOw VELOCITY

G.1. Overland Plane

512" C,iL
vaV:0.00143£ ¢ j e -
n, ) | (3.6x10°q, +C,iL, J* —(3.6x10°, )

o

G.2. Circular Channel

12 16 \ Y3
0.460(5"”1) J q,L.

c

vav
(Qu + qLLc )4/5 - Qu4/5

G.3. Parabolic Channel

g2 9/13

c

(0, +q,L.)" -0)"

av

G.4. Rectangular (Deep) Channel

1/27172/3
vav=0.63O[S” il ]

n

c

G.5. Rectangular (Square) Channel

2 \ ¥4
0.433[5;; ] q,L,

c

Vav = (Qu + qLLc )3/4 - Qu3/4
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G.6. Rectangular (Wide) Channel

g2 35

T L) -0

G.7. Trapezoidal Channel with Equal Side Slopes

g2 0.725
0.332(}7 W510A0909 j q,L.

c

vaV (Qu + qLLC )0.725 N Qu0.725

G.8. Trapezoidal Channel with One Side Vertical

g2 0.735
0.321(’1 WfO‘OS%] q,L.

c

(Qu + qLLc )0.735 _ Qu0.735

) V—

av

G.9. Triangular Channel

/4 1/4
SV? ’ z
0.530] — L
B [nc ] 1+2° Tt

Vo =
(@, +4,L.)" -0,

G.10. Vertical Curb Channel

0.63 1( Sg/z ]3/4 . 1/4q .
. . 1+(1+22)1/2 i o

(Qu + qLLc )3/4 o Qu o
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APPENDIX H. WORKING FORMULAS FOR
KINEMATIC WAVE CELERITY

H.1. Overland Plane

SI/Z
n

o

35
¢, = 0.00397( J (3.6x10%g, +C,ix,

H.2. Circular Channel

12 /6 45
c, =O.719[S"n j (Qu +quc)1/5

c

H.3. Parabolic Channel

g 9/13
c, = o.sss[n ;[2/9} 0, +q,x.)"

c

H.4. Rectangular (Deep) Channel

127772/3
ck=0.630[S"' W J

n

c

H.5. Rectangular (Square) Channel

1/2

3/4
ck = 0770( ’; j (Qu + quc )1/4

c

H.6. Rectangular (Wide) Channel

S " 25
c, =1.667(n V;’/z/}j (0, +q,x,)
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H.7. Trapezoidal Channel with Equal Side Slopes

S1/2 0.725
¢, = 0.630{[%)(2, 4%, )0'379}

H.8. Trapezoidal Channel with One Side Vertical

Sl/z 0.735
¢, = 0.593[(WJ(QL, 4%, )0'360}

H.9. Triangular Channel

12 3/4 1/4
ck — 0943("90 j |:Z(Qu +quc ):|

n 1+ 22

c

H.10. Vertical Curb Channel

g2\ "

X z

ck:1.122( ‘ ] v (@raux)”
ne ) (e 22)? ]
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APPENDIX |. WORKING FORMULAS FOR AVERAGE WAVE CELERITY

1.1. Overland Plane

s\ C.iL
¢, =0.00238( o J e -
n (3.6x10°¢, +Ci L, —(3.6x10°g, )

o

1.2. Circular Channel

12 16 \ Y3
0.575(S” D J q.L,

1.3. Parabolic Channel

NG 9/13
0.613(}”;2/9j q,L,

c

(0, +q,L.)" -0"

C =

av

1.4. Rectangular (Deep) Channel

n

c

127772/3
caV:0.630[SC W J

1.5. Rectangular (Square) Channel

2\
0.578(56 J q,L.

n

C

B (Qu + qLLc )3/4 - Qu3/4

av
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1.6. Rectangular (Wide) Channel

g2 35
(}/”/;/2/3] q.L,

0 L) -0

1.7. Trapezoidal Channel with Equal Side Slopes

g2 0.725
0.457(71 W60A0909 J q,L.

c

Cav (Qu + qLLC )0.725 _ Qu0.725

1.8. Trapezoidal Channel with One Side Vertical

1.9. Triangular Channel

/4 1/4
si2 ’ z
0.707| —< L,
( n, J 1422 ) B
C =

” (Qu + qLLc )3/4 - Q143/4

1.10. Vertical Curb Channel

o ya 1/4
0.84 1( < ] z ) q,L.
. 1+(1+22y

(Qu + qLLc )3/4 B Qu "

C =

av
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APPENDIX J. WORKING FORMULAS FOR TIME OF
CONCENTRATION AND TIME OF TRAVEL

J.1. Overland Plane

n, V[ G.6x10°g, +CiL, ) -(3.6x10°q,
{, = 6.988 . S :
i

o

J.2. Circular Channel

4/5
t = O 0290( nc j |:(Qu + qLLc )4/5 - Q:/S :|
t : S1/2D1/6
q:

c

J.3. Parabolic Channel

nCHz/g ngl:(Qu N qLLc )9/13 . Qu9/13:|

S qr

c

t, = 0.0272(

J.4. Rectangular (Deep) Channel

nCLC
tt = O 0265(W]

J.5. Rectangular (Square) Channel

3/4 3/4 B 3/4
: :0.0289[ nsz [(Q" toL) -0 }
qr

c

J.6. Rectangular (Wide) Channel

253\ 35 _ 35
zt=0.0167("‘n;2 j {(Q”WLL") = }
q.

c
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J.7. Trapezoidal Channel with Equal Side Slopes

o 0.0364 nCWO'0909 0.725 (Qu tq,L. )04725 B vazs
t S q;

c

J.8. Trapezoidal Channel with One Side Vertical

0.0526 733 0.735 10735
ttzo.osgz(”cW ] [(Qu”hm O, }

1/2 q,

c

J.9. Triangular Channel

34 2 \V4 34 34
tt =00236(;L j [1+Z J |:(Qu+qLLL) Qu :|

1/2 z q,

c

J.10. Vertical Curb Channel

3/4 /2 1/4 v s
t =0.0198( . ]/ {[H(sz)/ ]Z} {(QﬁqLLc)/ -0, }

Sl/2 z qL

c
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APPENDIX K. WORKING FORMULAS FOR
HYDROGRAPH — RISING PHASE

K.1. Overland Plane

5/3
5% (ng,\" Gt
1 n, [\ 8V 60x10°

fort<t,

K.2. Circular Channel

Sl/2D1/6 . Q 4/5 5/4
0, :0,501( - j 1.738(&1/;51/6] +60q,t

c

fort<tg

K.3. Parabolic Channel

/13
52 nH”Q,Y

13/9

[&

K.4. Rectangular (Deep) Channel

Qc 20630( 1587 W +60th

n c

c

fort<¢g
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K.5. Rectangular (Square) Channel

g2 34 43
0, = 0.481[?}{1.73 1( ’;% j + 60th]

fort <,

K.6. Rectangular (Wide) Channel

3/
S\ (g,
0, = (Vl w3 )[( g2 +60q,1

fort<t,

5/3

K.7. Trapezoidal Channel with Equal Side Slopes

Si? n Wo,ogogQ 0.725 1.379
Q. =0.340 — T 2.186 e + 60,1

c c

fort<t,

K.8. Trapezoidal Channel with One Side Vertical

12 0.0526 0.735
0 = 0.323(%][2295(%) n 60th]

1.360
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K.9. Triangular Channel

/4 1/4
sz )’ n0 ) (1+2°
QC:0.630£n j(l+zz) L414 "2 |+ 60g,1

fort<tg

43

K.10. Vertical Curb Channel

13 ya /2 1/4
0.= 0.794[ 5. J —Fr b 189( "L, ) | 60, ¢
n. b+ﬁ+zﬁlr S z

fort<t,

4/3
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APPENDIX L. WORKING FORMULA FOR FORWARD
CHARACTERISTIC — RISING PHASE

L.1. Overland Plane

t:6'988£ n, jys{(&wloéqu +Cix, | —(3.6x106qu)3/5}

12 Ci

o r

L.2. Circular Channel

45 4/5 4/5
Q. +49,x)" -0,
t:0.0290(S1/2D1/6j { L
qr

c

L.3. Parabolic Channel

= 0.0272(” H” J%T(WC +0,)" - Qf/”}

s¥? qr

c

L.4. Rectangular (Deep) Channel

ncxc

c

L.5. Rectangular (Square) Channel

W 34 34
t=0.0289[ ”j {(Qﬁqm) 0, }

1/2 q,

c

L.6. Rectangular (Wide) Channel

2/3 s 3/5_ 3/5
t:O.0167(n"W;2 J {(Qﬁqm) 0, }
q;

c
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L.7. Trapezoidal Channel with Equal Side Slopes

f 0.0364 LO-OW 0.725 (Qu +q,x, )0.725 _ Q;).ns
S q:

c

L.8. Trapezoidal Channel with One Side Vertical

n 00526 0.735 (Qu +q,x. )0.735 — QT
t= 0.0383(T L y
L

c

L.9. Triangular Channel

_ n, 3/4 1+ Zz v (Qu + qrx. )3/4 _Q3/4
t=0.0236
' s?

z q:

c

L.10. Vertical Curb Channel

NE

z

3/4 LRV 4 v
t:0.0198( e ]/ {[”(”22)/ ]2} [(Qﬁfhxc)/ -0)

q;

|
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APPENDIX M. WORKING FORMULAS FOR WATER
SURFACE PROFILE — RISING PHASE

M.1. Overland Plane

3/5
v, = 0.116><10‘3K;l‘;2 J(3.6>< 10°g, +C,ix, )}

o

for0<x,<L,

3/5
Sl n, )
y,=0.116x10 3{(5,?}(3.@106% +C,iL, )}

o

forL,<x,< L,

L, :3.6x106(u]
Ci

r

M.2. Circular Channel

3 2 4/5
-1. 195(3) + 1801(5) + 0397[5) = 2.213{(W](Qu +q.x, ):|

for0<x.<L,

3 2 4/5
y y y n,
4.195{%} + 1.801[313} + 0.397[317] - 2213KWJ(Q“ +q,L, )}

for [, <x.<L.

9,0,
P
q:
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M.3. Parabolic Channel

/
n 6/13
=0.721 W (0, +q,x.)

forO0<x.<L,

613
nC
Ye = 0'721|:(S1/2H1/2 ](Qu +4q.L, )}

forL,<x.<L,

9,0,
P
qr

M.4. Rectangular (Deep) Channel

Ve —1587(51/2W5/3](Q a.x.)

c

forO0<x.<L,

=1.587
=158 ot

b fo.sa)

c

forL,<x.<L.

0,-0,
q;

L =

p
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M.5. Rectangular (Square) Channel

3/8
n

c

forO0<x.<L,

38
nC
v, = 1.316&51/2 ](Qu +qLLp)}

[&

for L,<x.<L.

. _9,-0,
g qr

M.6. Rectangular (Wide) Channel

3/s
Vo= K 5175 ](Q,, +q,%, )}

forO0<x.<L,

3/5
y,= KS";TWJ(Q +q,L, )}

for L,<x.<L,

9,0,
P
q:
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M.7. Trapezoidal Channel with Equal Side Slopes

W0.0909( ) 0725\
_W A +8.7482[”C 9%+ 0, }

2

12
c

Ve = 2z

for0<x.<L,

12

12
c

0.725
W W 48 7482["“W0'0909 l0.L, +, )}

Yp = 2z

for L, <x.<L.
. _9-0

g qr

M.8. Trapezoidal Channel with One Side Vertical

W0.0526( ) 0.735) 12
—W+ W2+4.592z[”c 9,% +0, }

SI/Z

Ve =

for0<x.<L,

1/2

SI/Z

0.735
W W 44 592{"’}1/0'0526 0.L, +, )}

y, =

for L, <x.<L.

.90
g q:
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M.9. Triangular Channel

1/3
n \1+z?
y, =1 189[&;2 J[Tj (0, +4q,x, )]

forO0<x.<L,

n 1+ 22 v "
y,=1.189 [5&2 j(Tj (0, +4,L,)

forL,<x.<L.

38

L = Qp _Qu
P
q:

M.10. Vertical Curb Channel

3/8
1/2

13
)
yc=1'542(nl;2J +(+5Z) (Qu+quc)

forO0<x.<L,

3/8

12 5
. z

2 13
v, =1.542 ( i j [“(1” ) ]2 (0,+4,L,)

for L, <x.<L,

_9,-4
q:

L

P
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APPENDIX N. WORKING FORMULAS FOR DURATION OF
PARTIAL EQUILIBRIUM DISCHARGE

N.1. Overland Plane

5/3
CiL, N _Si/z ngq, 3/5+ C.it,
36x10° 7 1L s” ) T e0x10°

7
secil(ng, Y cir
12 + 3
n | s 60x10

t,=36x10°

N.2. Circular Channel

Sl/le/ﬁ " Q 4/5 5/4
chL+Qu—O.501( ¢ ] 1'738(51/51;1/6J +60q,1,

n

c

/5
S!2DYq n0,
37.58[”L 1.738 S +60q,t,

c

c

d 1/4

N.3. Parabolic Channel

g2 n H2/9Q 913
Lg, +0, —0.493(;12/9j 1.632("6'1/2”} +60q,1,

13/9

n

c

/13
S:°q nH>Q, )
42.73( L [1632 "t | +60q,

nC c

c

d 4/9

N.4. Rectangular (Deep) Channel

1/271772/3
chL+Qu—0.63o(Sc W j{l.sm( Sffg%mjmowq}

n

c

127772/3
37. go(wj
n

c

c

t, =



Kinematic-Wave Rainfall-Runoff Formulas 211

N.5. Rectangular (Square) Channel

3/4 43
si? n.Q
Lg, +Q,=0481 = | 1731 “5 | +60q,1,

n

c

SI/Zq n Q 34
38.48[“”‘0 1.73 1( Scl/;J +60q,¢,

N.6. Rectangular (Wide) Channel

Sl/z " W2/3Q 3/5 5/3
chL +Qu _(I’l V;/zmj [ € Sl/z U J +60thq

Sl/zq nW2/3Q 3/5 2/3
1oo.o[ncW2/g)( g ] +60q,¢,

c

c

d 1/3

N.7. Trapezoidal Channel with Equal Side Slopes

52 1 0090 0.725
Lgq, +0, —0.340[’1 WLOO%Q J{2.186(C gi Q. +60q,1,

c

NE 1 70000 0.725
28.13[’”}/{%)[2186(6w2g‘ +60q,1,

1.379

0.379

c

N.8. Trapezoidal Channel with One Side Vertical

52 7 W00526 0.735
Lg,+0, _0.323[11 WfoA0526 jl2.295[ ‘ NE G + 60‘1Ltq

c

Sl/Zq N WO'OS%Q 0.735 0.360
26'54(,11/;@} 2'295[Csl/zuj +60q,1,

1.360

c

c c
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N.9. Triangular Channel

/4 14 43
SV? z v n ’ 1+2°
chL+Qu—O.630[n“ J(l-i—ZzJ 1.414 S% | rooq,

t, = » ‘ " 3 N 13
S./°q z n.Q, 1+z
N.10. Vertical Curb Channel

3 34 14
12 2\V2
chL+Qu—0.79{Sc] e 1.189{”6%) [”(”Z) ]2 +60g,1,
7, 1+(1+zz) S; z

= 13

12 3/4 2\/2 v
asf )l (g e,
c Z c

4/3
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APPENDIX O. WORKING FORMULAS FOR
HYDROGRAPH — EQUILIBRIUM PHASE

0.1. Overland Plane

0.1.1. Partial Equilibrium Discharge

S(l7/2 noqu 3/5 _I_ Critl‘
n, || S 60x10°

o

5/3

q,=

fort, <t<(t +ty)

0.1.2. Equilibrium Discharge
CiL,

= 4+ —
1= 90T 5 62100

fort, <t<t,

0O.2.Circular Channel

0.2.1. Partial Equilibrium Discharge

/5
0, = 0.501( 1738 5o | +60a,,

n

c

5/4

c

fore, <t<(t,+ 1)

0.2.2. Equilibrium Discharge
Qe = Qu + qLLc

fort,<t<t¢,
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0.3. Parabolic Channel

0.3.1. Partial Equilibrium Discharge

Sl/z " H2/9Q 9/13 13/9
0, = 0.493[11;1—2/9J 1.639[%) +60q,1¢,

c c

fort, <t<(t;+1)

0.3.2. Equilibrium Discharge
Qe = Qu + qLLc'

fort,<t<ty,

0.4. Rectangular (Deep) Channel

0.4.1. Partial Equilibrium Discharge
W n.Q,
Qp :0630(— 1.587 W +60thq

n c

c

fort, <t<(t,+ 1)

0.4.2. Equilibrium Discharge
Qe = Qu + QLLC

fort,<t<t,
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0.5. Rectangular (Square) Channel

0.5.1. Partial Equilibrium Discharge

Sl/2 n Q 3/4
0, :0.481( ‘ ] 1.731[ bjl/;j +60q,1,

n

c

43

c

fort, <t<(t;+1,)

0.5.2. Equilibrium Discharge
Qe = Qu + qLLc'

fort,<t<ty,

0.6. Rectangular (Wide) Channel

0.6.1. Partial Equilibrium Discharge

35
S nwQ,
Qp :(n W2/3] ( g2 +6OQLtq

c

5/3

fort, <t<(t;+1,)

0.6.2. Equilibrium Discharge
Qe = Qu + qLLc

fort,<t<t¢,
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O.7. Trapezoidal Channel with Equal Side Slopes

0.7.1. Partial Equilibrium Discharge

g2 " W0'0909Q 0.725 137
0, = 0.340[’114/‘%) 2.186(%) +60q,1,

c c

fort, <t<(t;+1)

0.7.2. Equilibrium Discharge
Qe = Qu + QLL('

fort,<t<ty,

0.8. Trapezoidal Channel with One Side Vertical

0.8.1. Partial Equilibrium Discharge

SV2 n W0'0526Q 0.735 1360
% = 0‘323(W] 2295(%} +600,1,

c c

forz, <t<(t,+ 1)

0.8.2. Equilibrium Discharge
Qe = Qu + qLLc

fort,<t<ty,
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0.9. Triangular Channel

0.9.1. Partial Equilibrium Discharge

/4 14
S z ) n,Q, AT
0, :0.630( - ](sz L414 = | +60q,1,

fort, <t<(t;+1,)

4/3

0.9.2. Equilibrium Discharge
Qe = Qu + QLL('

fort,<t<ty,

0.10. Vertical Curb Channel

0.10.1. Partial Equilibrium Discharge
13 / 4/3

34 1/2 Ve
0, -079{ 3| D s 22 eI

n. ll+(l+z ¢ z

fort, <t<(t;+ 1)
0.10.2. Equilibrium Discharge
Qe = Qu + qLLc

fort,<t<ty,
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APPENDIX P. WORKING FORMULAS FOR WATER
SURFACE PROFILE — EQUILIBRIUM PHASE

P.1. Overland Plane

3/
v, =0.116><10-3KSV2 j(zs 6x10°g, +C,ix )}

o

for0<x,<L,

P.2. Circular Channel

3 2
4,195(%) +1.80l(%j +0.397@;j 2213{(w](Qu+quc)}

for0< x.< L,

4/5

P.3. Parabolic Channel

6/13
n
Ve _0721[[WJ(Q +q,x )}

for0< x.< L.

P.4. Rectangular (Deep) Channel

_1587(S1/2 5/3](Q q.x )

c

for0< x.< L.
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P.5. Rectangular (Square) Channel

3/8
n

c

for0< x.< L,

P.6. Rectangular (Wide) Channel

3/s
V.= H 527; j(Q,, +4,%, )}

for0< x.< L,

P.7. Trapezoidal Channel with Equal Side Slopes

W0.0909( ) 0.725) 2
W Aw? +8.7482{n"’ 9,% +0, }

S1/2

Ve = 2z

for0< x. < L.

P.8. Trapezoidal Channel with One Side Vertical

WO.OSZ()( ) 0735) 12
—W+ W2+4.592z[”c 9,% +0, }

Ye =

for0< x.< L,
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P.9. Triangular Channel

/3 3/8
n \1+z?
y, =1. 189[&;2 J[Tj (0, +4q,x, )]

for0< x.< L,

P.10. Vertical Curb Channel

13 3/8

S \2
y, =1.542 ( R J [H(HZ ) ]2 (0, +q,x.)

S({/z 5

for0< x.< L,
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APPENDIX Q. WORKING FORMULAS FOR EQUILIBRIUM
DETENTION STORAGE

Q.1. Overland Plane

_72.8x10°( n,
eo Crl 1/2

o

35
j [(3.6><106qu +CiL, ) -(3.6x10%g, )8/5]

Q.2. Circular Channel

4fs 9/5 9/5
n, (0, +4q,L.)" -0,
D, = 0.966[S1/2D1/6] { L
c qL

Q.3. Parabolic Channel

D = 0.964[11017(2/9 JW{(QU +q,L )" —Q,fz/”}

1‘/2 q;

c

Q.4. Rectangular (Deep) Channel

n, (0, +q,L) -0
R [
q;

c

Q.5. Rectangular (Square) Channel

3/4 7/4 7/4
n, 0, +q,L)" -0,
D, :0.989[51/2J { L
. q;

&

Q.6. Rectangular (Wide) Channel

3/s
D =0.625 nCW2/3 (Qu + qLLc )8/5 B QE/S
“ S q
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Q.7. Trapezoidal Channel with Equal Side Slopes

b —rae 20" (e ra,L ) 0
ec S qL

c

Q.8. Trapezoidal Channel with One Side Vertical

D, - 1.322( n v T'T(Qu +q,L,)"™ —Q;-“S}

/2 q,

c

Q.9. Triangular Channel

3/4 2\V4 74 /4
Deczo.gog( J (Hz} {(QﬁqLLc) 0, }

s z q;

c

Q.10. Vertical Curb Channel

3/4 1/2 4 2/ 4
D =0.679( i J/ {[“(1“2)/ ]2} {(QN%LC)/ —Q/}

S Z q;

c
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APPENDIX R. WORKING FORMULA FOR WATER SURFACE
PROFILE — FALLING PHASE

R.1. Overland Plane

35
v, = 0.116><10‘3H;172 ](3.6><106qu)}

o

for0<x,<L,

[s;/zy:”}q
Y2 23 n u
X, =100-0{S”¢j(t—tr)+ 3.6x10° d

n Ci

o r

for L;<x,<L,

n

o

SV2 " 2/
L_,:o.zss[Lj (3.6x10°¢, " (c~+,)

R.2. Circular Channel

3 2 4/5
1. 195(&] + 1.801(&j + 0.397(&] - 2.213[%J
D D D Si/2D8/3

for0<x.<Ls
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1/4

1/2 12/3 3 2
x,=35.38 3P| 1103 2| 1801 2| 10397 2o || (-1 )
n, D D D ‘
1/2 18/3 3 2 54
0370 2 P —1.195(”) +1.801(ch +0.397(yf) -0,
n, D D D

+
q;

for Lr<x.<L,

/s
Si/ZDl/G 4
L, =43 15(— 0"%(t-1,)

n

c

R.3. Parabolic Channel

Q 6/13
nC u

forO<x.<Ls

S1’/2H1/2 1’3/6
V2,203 {2'033( : " Ve -0,
C yC C
_j(f_zm

n 9

c

X, = 66.08(

for Ly<x.<L.

nH

c

g2 9/13
Lf=53.12( CZ/J 05 -1,)
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R.4. Rectangular (Deep) Channel

nCQu
Ve = 1'587(S1/2W5/3J

forO0<x.<Ls

121775/3
0,630(SCW;VCJ 0
SV ( ) n,
(—1,)+

n q:

c

X, =37.80(

for Ly<x.<L.

Si/2W2/3
L_,,=37.80( ; (-2,

c

R.5. Rectangular (Square) Channel

3/8
anu
”, =1.316[ i j

c

forO<x.<Ls

n q:

c

2. 8/3
- {0.481{& Y, H—Qu
Sy e
_j(t_tqp

X, :38.48(

for Li<x.<L.

g 3/4 /
¢ 1/4
L= 46.21( J 0/*(t-1,)

n

c
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R.6. Rectangular (Wide) Channel

35
_ nc Qu
(5%

forO<x.<Ls

SV
e Y. -0

12 2/3 (
X, = 100.0(SC¢J(¢—@)+ e

n

c

q:

for Ly<x.<L.

s? e 2/
szloo.o[w;/m] 0,7 (r-1,)

c

R.7. Trapezoidal Channel with Equal Side Slopes

. WO'O%QQ 0.725 V2
W+ W+ 8.7482("”]

NE

Ve = 2z

for0<x.<L,

12 ) 1.379
0.340{&‘ (o: Jf)?:oz) }Qu
n W=

c

0.379
x, =28. 14{55/2(25 ;Zﬁ) }(t—tq)+

c

q;

for L;<x.<L.
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R.8. Trapezoidal Channel with One Side Vertical
0.0526 0.735
W+ [W2 + 4.592{”CWS 0, j }

12

12
c

Ve =
z

for 0 <x.<Ls

0.0526
nWw

1/2 2 1.360
0.323[6”6 (O.Szyc + Wyc) ]_Qu

0.0526
nW

c

x, = 26.36{5 Llosz ey ](t ~1,)+
q.

for L;<x.<L.

R.9. Triangular Channel

n.Q " 1422 v
yc=1.190( 51/;} [ = ]

forO<x.<Ls

for L;<x.<L.
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3/4
NE - /3
L = 56.57|I ; J(sz) 0V (t-1,)

R.10. Vertical Curb Channel

3/8 1/2
y :1542(1’16Qu} [1+(1+zz) ]2

1/8

12 5
. z

3 3/4

Sl/z] z Vi
L, =67.29)| = (et
! ( n, {ll+(l+zzy/zr} ( )

g2 258 v
0.315( : j Yowt O
e l+(1+zz)
q;
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APPENDIX S. WORKING FORMULA FOR
HYDROGRAPH — FALLING PHASE

S.1. Overland Plane

n ” C.iL,—3.6x10°(g—q,)
t:O.OlOO(Slsz { — 'Ciqz/s s }Ltr

o r

fort>1t,

S.2. Circular Channel

4/5
0.0232 -
t:[ 5 J( 1/;10 1/6J Lc_[Qc Quj +1,
Qc Sc D qL

fort>1t,

S.3. Parabolic Channel

0.0188(n )" 0 -0
t=—"5 | " an Lo—|=—||*¢,
Qc Sc qL

fort>1,

S.4. Rectangular (Deep) Channel

r:().O%S[%J LC—(MJ ‘1,
S W q

fort>1,
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S.5. Rectangular (Square) Channel

_[00216Y n, T, (oo, .
o ) [

fort>1,

S.6. Rectangular (Wide) Channel

t_(O.OlOOj[nCijB/S . _(QC—QuJ »
- 2/5 1/2 c 7
Qc Sc qL

fort>1,

S.7. Trapezoidal Channel with Equal Side Slopes

0.0264 ( n oo™ 0 -0
t=—s |~ o L—| ="+,
Qc Sc qL

fort>1,

S.8. Trapezoidal Channel with One Side Vertical

0.0281( n o)™ 0.-0.
I=— 12 L~ =— 1]+,
Qc Sc qL

fort>1¢,

S.9. Triangular Channel

3/4 Lt g2 14
t:0.0177( ”l;'zj [ Tz ] {L;[Qv Q"Hm
Sc ZQC qL

fort>1,
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S.10. Vertical Curb Channel

1/4

t:0.0149( Pe JSM [“(”Zz)l/zlz {Lc —(Qc —0, J}rz
S zQ, q

V2 qr

c

fort>1t,
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Celerity

kinematic wave, 7-9, 31-32, 43-45,
68, 82, 93, 103, 115, 129, 141,
153-154, 166, 177, 181, 194-195
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circular, 63-76
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137-149

triangular, 151-161
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average flow velocity, 68
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duration of partial equilibrium
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equilibrium detention storage, 74

equilibrium discharge, 73

flow depth, 67

flow velocity, 67-68

forward characteristic — rising phase,
70
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73

hydrograph — falling phase, 75-76

hydrograph — rising phase, 69

kinematic wave celerity, 68

kinematic wave parameters, 63-66

partial equilibrium discharge, 72

time of travel, 69

water surface profile — equilibrium
phase, 73

water surface profile — falling phase,
74-75
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water surface profile — rising phase,
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average flow velocity, 93

average wave celerity, 94
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equilibrium detention storage, 98

equilibrium discharge, 97

flow depth, 93

flow velocity, 93
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35, 51-53, 71-72, 85-86, 96, 106-
107, 119, 132-133, 145, 157, 169-
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Dynamic wave equations, 4-5, 40-41

Equilibrium detention storage, 21-24, 36-
37,54-57, 74, 87-88, 98, 109, 121,
134-135, 147, 159, 172, 221-222
flow area approach, 55-56
hydrograph approach, 22-24, 56-57
water surface approach, 21-22
Flow
area, 41-42
average velocity, 6-7, 31, 42-43, 68,
81-82, 93, 103, 115, 128-129,
141, 153, 165, 177, 181, 192-193

conditions, 3-4, 39-40

depth, 6, 30-31, 81, 93, 102, 114, 127-
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open channel, 39-174

overland, 3-38



Index

239

velocity, 6, 31, 42, 67-68, 81, 93, 102-
103, 114-115, 128, 140, 153, 165,
177,181, 190-191

Flow area profile, 49-51, 54, 58-61

equilibrium phase, 54

falling phase, 58-61

rising phase, 49-51

Flow velocity, 6, 31, 42, 67-68, 81, 93,

102-103, 114-115, 128, 140, 153, 165,

177,181, 190-191

average, 6-7, 31, 42-43, 68, 81-82, 93,
103, 115, 128-129, 141, 153, 165,
177,181, 192-193

Formulas, 3-174, 177-184, 188-231
General, 3-28, 39-62, 177-184
Working, 29-38, 63-174, 188-231

Forward characteristic

rising phase, 14-15, 33-34, 48-49, 70,
83-84, 94-95, 105, 117, 130-131,
142-143, 155, 167, 178, 182, 203-
204

Froude number, 175

General formulas, 3-28, 39-62, 177-184

average flow velocity, 6-7, 42-43,
177,181

average wave celerity, 9, 45, 177, 181

design discharge, 10-12, 178

duration of partial equilibrium
discharge, 17-19, 51-53, 179, 182

dynamic wave equations, 4-5, 40-41

equilibrium detention storage, 21-24,
54-57, 179, 183

equilibrium discharge, 20, 53-54, 179,
183

flow area, 41-42, 181

flow area profile — equilibrium phase,
54,183

flow area profile — falling phase, 58-
61, 183-184

flow area profile — rising phase, 49-
51,182

flow depth, 6, 177

flow velocity, 6, 42, 177, 181

forward characteristic — rising phase,
14-15, 48-49, 178, 182

hydrograph — equilibrium phase, 19-
20, 53-54, 179, 183

hydrograph — falling phase, 28, 61-62,
180, 184

hydrograph - rising phase, 12-14, 46-
48, 178, 182

inflection line, 27-28, 60-61

kinematic wave celerity, 7-9, 43-45,
177,181

kinematic wave equations, 5, 41

open channel, 39-62, 181-184

overland plane, 3-28, 177-180

partial equilibrium discharge, 19-20,
53,179, 183

time of concentration, 9-10, 177

time of travel, 45-46, 181

water surface profile — equilibrium
phase, 20-21, 179

water surface profile — falling phase,
24-28, 180
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water surface profile — rising phase, 137-139, 151-152, 163-164, 185-
15-17, 178 187
Kinematic wave theory
Hydrograph applicability, 175-176
duration of partial equilibrium
discharge, 17-19, 35, 51-53, 71- Manning’s roughness coefficient, 2
72, 85-86, 96, 106-107, 119, 132- channel surface, 2
133, 145, 157, 169-170, 179, 182, overland surface, 2
210-212
equilibrium phase, 19-20, 35-36, 53- Open channel flow, 39-174, 176, 181-231
54, 72-73, 86-87, 97, 107-108, applicability of kinematic wave
119-120, 133-134, 145-146, 157- theory, 176
158, 170-171, 179, 183, 213-217 average flow velocity, 42-43, 68, 81-
falling phase, 28, 38, 61-62, 75-76, 82, 93, 103, 115, 128-129, 141,
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167, 178, 182, 200-202 duration of partial equilibrium
discharge, 51-53, 71-72, 85-86,
Inflection line, 27-28, 60-61 96, 106-107, 119, 132-133, 145,
157, 169-170, 182, 210-212
Kinematic flow number, 175 dynamic wave equations, 40-41
Kinematic wave equilibrium detention storage, 54-57,
average celerity, 9,32, 45, 68-69, 82, 74,87-88, 98, 109, 121, 134-135,
94, 103-104, 116, 103-104, 129, 147, 159, 172, 183, 221-222
141-142, 154, 166, 177, 181, 196- equilibrium discharge, 53-54, 73, 86-
197 87, 97, 108, 120, 133-134, 146,
celerity, 7-9, 31-32, 43-45, 68, 82, 93, 158, 170-171
103, 115, 129, 141, 153-154, 166, flow area, 41-42, 181
177,181, 194-195 flow area profile — equilibrium phase,
equations, 5, 41 54,183
parameters, 29-30, 63-66, 77-80, 91- flow area profile — falling phase, 58-

92, 101-102, 113-114, 125-127, 61, 183-184
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flow area profile — rising phase, 49-
51,182

flow conditions, 39-40

flow depth, 67, 81, 93, 114, 127-128,
140, 152-153, 164-165, 188-189

flow velocity, 42, 67-68, 81, 93, 102-
103, 114-115, 128, 140, 153, 165,
181, 190-191

forward characteristic — rising phase,
48-49, 70, 83-84, 94-95, 105,
117, 130-131, 142-143, 155, 167,
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general formulas, 39-62, 181-184
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54, 72-73, 86-87, 97, 107-108,
119-120, 133-134, 145-146, 157-
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136, 149, 161, 174, 184, 229-231
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83, 94, 104, 116-117, 130, 142,
155, 167, 182, 200-202

inflection line, 60-61

kinematic wave celerity, 43-45, 68,
82, 93, 103, 115, 129, 141, 153-
154, 166, 177, 181, 194-195
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partial equilibrium discharge, 53, 72,
86, 97, 107, 119-120, 133, 145-
146, 158, 170

time of travel, 45-46, 69, 83, 94, 104,
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water surface profile — equilibrium
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121, 134, 146-147, 158-159, 171,
218-220

water surface profile — falling phase,
74-75, 88-89, 98-100, 109-110,
121-122, 135-136, 147-149, 159-
161, 172-173, 223-228

water surface profile — rising phase,
70-71, 84-85, 95-96, 105-106,
117-118, 131-132, 143-144, 155-
157, 168-169, 205-209

working formulas 63-174

Overland flow/plane, 3-38, 175, 177-180,

185, 188, 190, 192, 194, 196, 198,

200, 203, 205, 210, 213, 218, 221,

223,229

applicability of kinematic wave
theory, 175

average flow velocity, 6-7, 31, 177,
192

average wave celerity, 9, 32, 177, 196

design discharge, 10-12, 33, 178

duration of partial equilibrium
discharge, 17-19, 35, 179, 210

dynamic wave equations, 4-5

equilibrium detention storage, 21-24,
36-37, 179, 221
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equilibrium discharge, 20, 36

flow conditions, 3-5

flow depth, 6, 30-31, 177, 188

flow velocity, 6, 31, 177, 190

forward characteristic — rising phase,
14-15, 33-34, 178, 203

Froude number, 175

general formulas, 3-28, 177-180

hydrograph — equilibrium phase, 19-
20, 35-36, 179, 213

hydrograph — falling phase, 28, 38,
180, 229

hydrograph - rising phase, 12-14, 33,
178, 200

inflection line, 27-28,

kinematic flow number, 175

kinematic wave celerity, 7-9, 31-32,
177, 194

kinematic wave equations, 5

kinematic wave parameters, 29-30,
185

partial equilibrium discharge, 19-20,
35-36

time of concentration, 9-10, 32, 177,
198

water surface profile — equilibrium
phase, 20-21, 36-37, 179, 218

water surface profile — falling phase,
24-28, 37, 180, 223

water surface profile — rising phase,
15-17, 34, 178, 205

working formulas, 29-38, 63-174

average flow velocity, 81-82

average wave celerity, 82

duration of partial equilibrium
discharge, 85-86

equilibrium detention storage, 87-88

equilibrium discharge, 86-87

flow depth, 81

flow velocity, 81

forward characteristic — rising phase,
83-84

hydrograph — equilibrium phase, 86-
87

hydrograph — falling phase, 89

hydrograph — rising phase, 83

kinematic wave celerity, 82

kinematic wave parameters, 77-80

partial equilibrium discharge, 86

time of travel, 83

water surface profile — equilibrium
phase, 87

water surface profile — falling phase,
88-89

water surface profile — rising phase,
84-85

Partial equilibrium discharge

duration, 17-19, 35, 51-53, 71-72, 85-
86, 96, 106-107, 119, 132-133,
145, 157, 169-170, 210-212

Rainfall intensity

design, 11

duration relationship, 10-11

Rectangular (deep) channel, 91-100

Parabolic channel, 77-89 average flow velocity, 93
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average wave celerity, 94

duration of partial equilibrium
discharge, 96

equilibrium detention storage, 98

equilibrium discharge, 97

flow depth, 93

flow velocity, 93

forward characteristic — rising phase,
94-95

hydrograph — equilibrium phase, 97

hydrograph — falling phase, 100

hydrograph — rising phase, 94

kinematic wave celerity, 93

kinematic wave parameters, 91-92

partial equilibrium discharge, 97

time of travel, 94

water surface profile — equilibrium
phase, 97-98

water surface profile — falling phase,
98-100

water surface profile - rising phase,
95-96

Rectangular (square) channel, 101-112

average flow velocity, 103

average wave celerity, 103-104

duration of partial equilibrium
discharge, 106-107

equilibrium detention storage, 109

equilibrium discharge, 108

flow depth, 102

flow velocity, 102-103

forward characteristic — rising phase,
105

hydrograph — equilibrium phase, 107-
108

hydrograph — falling phase, 110-111

hydrograph — rising phase, 104

kinematic wave celerity, 103

kinematic wave parameters, 101-102

partial equilibrium discharge, 107

time of travel, 104

water surface profile — equilibrium
phase, 108

water surface profile — falling phase,
109-110

water surface profile — rising phase,
105-106

Rectangular (wide) channel, 113-123

average flow velocity, 115

average wave celerity, 116

duration of partial equilibrium
discharge, 119

equilibrium detention storage, 121

equilibrium discharge, 120

flow depth, 114

flow velocity, 114-115

forward characteristic — rising phase,
117

hydrograph — equilibrium phase, 119-
120

hydrograph — falling phase, 122-123

hydrograph — rising phase, 116-117

kinematic wave celerity, 115

kinematic wave parameters, 113-114

partial equilibrium discharge, 119-120

time of travel, 116
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Time of concentration, 9-10, 32, 177, 198
Time of travel, 45-46, 69, 83, 94, 116,

water surface profile — equilibrium

phase, 120-121

water surface profile — falling phase,
121-122

water surface profile — rising phase,
117-118

Runoff coefficient, 2

Square channel, 101-112

average flow velocity, 103

average wave celerity, 103-104

duration of partial equilibrium
discharge, 106-107

equilibrium detention storage, 109

equilibrium discharge, 108

flow depth, 102

flow velocity, 102-103

forward characteristic — rising phase,
105

hydrograph — equilibrium phase, 107-
108

hydrograph — falling phase, 110-111

hydrograph - rising phase, 104

kinematic wave celerity, 103

kinematic wave parameters, 101-102

partial equilibrium discharge, 107

time of travel, 104

water surface profile — equilibrium
phase, 108

water surface profile — falling phase,
109-110

water surface profile - rising phase,
105-106

130, 142, 154, 166-167, 198-199

Trapezoidal channel with equal side

slopes, 125-136

average flow velocity, 128-129

average wave celerity, 129

duration of partial equilibrium
discharge, 132-133

equilibrium detention storage, 134-
135

equilibrium discharge, 133-134

flow depth, 127-128

flow velocity, 128

forward characteristic — rising phase,
130-131

hydrograph — equilibrium phase, 133-
134

hydrograph — falling phase, 136

hydrograph — rising phase, 130

kinematic wave celerity, 129

kinematic wave parameters, 125-127

partial equilibrium discharge, 133

time of travel, 130

water surface profile — equilibrium
phase, 134

water surface profile — falling phase,
135-136

water surface profile - rising phase,
131-132

Trapezoidal channel with one side

vertical, 137-149
average flow velocity, 141

average wave celerity, 141-142
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duration of partial equilibrium
discharge, 145

equilibrium detention storage, 147

equilibrium discharge, 146

flow depth, 140

flow velocity, 140

forward characteristic — rising phase,
142-143

hydrograph — equilibrium phase, 145-
146

hydrograph — falling phase, 149

hydrograph — rising phase, 142

kinematic wave celerity, 141

kinematic wave parameters, 137-139

partial equilibrium discharge, 145-146

time of travel, 142

water surface profile — equilibrium
phase, 146-147

water surface profile — falling phase,
147-149

water surface profile - rising phase,
143-144

Triangular channel, 151-161

average flow velocity, 153

average wave celerity, 154

duration of partial equilibrium
discharge, 157

equilibrium detention storage, 159

equilibrium discharge, 158

flow depth, 152-153

flow velocity, 153

forward characteristic — rising phase,
155

hydrograph — equilibrium phase, 157-
158

hydrograph — falling phase, 161

hydrograph — rising phase, 155

kinematic wave celerity, 153-154

kinematic wave parameters, 151-152

partial equilibrium discharge, 158

time of travel, 154

water surface profile — equilibrium
phase, 158-159

water surface profile — falling phase,
159-161

water surface profile — rising phase,
155-157

Velocity, 6, 31, 42, 67-68, 81, 93, 102-
103, 114-115, 128, 140, 153, 165,
177,181, 190-191
average, 6-7, 31, 42-43, 68, 81-82, 93,

103, 115, 128-129, 141, 153, 165,
177,181, 192-193
Vertical curb channel, 163-174
average flow velocity, 165
average wave celerity, 166
duration of partial equilibrium
discharge, 169-170

equilibrium detention storage, 172

equilibrium discharge, 170-171

flow depth, 164-165

flow velocity, 165

forward characteristic — rising phase,
167

hydrograph — equilibrium phase, 170-
171
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hydrograph — falling phase, 174

hydrograph - rising phase, 167

kinematic wave celerity, 166

kinematic wave parameters, 163-164

partial equilibrium discharge, 170

time of travel, 166-167

water surface profile — equilibrium
phase, 171

water surface profile — falling phase,
172-173

water surface profile - rising phase,
168-169

Water surface profile, 15-17, 20-21, 24-

28, 34, 36-37, 70-71, 73-75, 84-85,

87-89, 95-100, 117-118, 120-122,

131-132, 134-136, 143-144, 146-149,

155-161, 168-169, 171-173, 205-209,

218-220, 223-228

equilibrium phase, 20-21, 36, 73, 87,
97-98, 108, 120-121, 134, 146-
147, 158-159, 171, 179, 218-220

falling phase, 24-28, 37, 74-75, 88-89,
98-100, 109-110, 121-122, 135-
136, 147-149, 159-161, 172-173,
180, 223-228

rising phase, 15-17, 34, 70-71, 84-85,
95-96, 105-106, 117-118, 131-
132, 143-144, 155-157, 168-169,
178, 205-209

Wave celerity, 7-9, 31-32, 43-45, 68-69,

82, 93-94, 103-104, 115-116, 129,
141-142, 153-154, 166, 194-197

average, 9, 32, 45, 68-69, 82, 94, 103-
104, 116, 129, 141-142, 154, 166,
196-197

kinematic, 7-9, 31-32, 43-45, 68, 82,
93, 115, 129, 141, 153-154, 1686,
194-195

Wave period, 176

Wide rectangular channel, 113-123

average flow velocity, 115

average wave celerity, 116

duration of partial equilibrium
discharge, 119

equilibrium detention storage, 121

equilibrium discharge, 120

flow depth, 114

flow velocity, 114-115

forward characteristic — rising phase,
117

hydrograph — equilibrium phase, 119-
120

hydrograph — falling phase, 122-123

hydrograph — rising phase, 116-117

kinematic wave celerity, 115

kinematic wave parameters, 113-114

partial equilibrium discharge, 119-120

time of travel, 116

water surface profile — equilibrium
phase, 120-121

water surface profile — falling phase,
121-122

water surface profile — rising phase,
117-118

Working formulas, 29-38, 63-174, 188-

231
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average flow velocity, 31, 68, 81-82,
93,103, 115, 128-129, 141, 153,
165, 192-193

average wave celerity, 32, 68-69, 82,
94, 103-104, 116, 129, 141-142,
154, 166, 196-197

circular channel, 63-76

deep rectangular channel, 91-100

design discharge, 33

duration of partial equilibrium
discharge, 35, 71-72, 85-86, 96,
106-107, 119, 132-133, 145, 157,
169-170, 210-212

equilibrium detention storage, 36-37,
74, 87-88, 98, 109, 121, 134-135,
147, 159, 172, 221-222

equilibrium discharge, 36, 73, 86-87,
97, 108, 120, 133-134, 146, 158,
170-171, 213-217

flow depth, 30-31, 81, 93, 114, 127-
128, 140, 152-153, 164-165, 188-
189

flow velocity, 31, 67-68, 81, 93, 114-
115, 128, 140, 153, 165, 190-191

forward characteristic — rising phase,
33-34, 70, 83-84, 94-95, 117,
130-131, 142-143, 155, 167, 203-
204

hydrograph — equilibrium phase, 35-
36, 72-73, 86-87, 97, 107-108,
119-120, 133-134, 145-146, 157-
158, 170-171, 213-217

hydrograph — falling phase, 38, 75-76,
89, 100, 110-111, 122-123, 136,
149, 161, 174, 229-231

hydrograph — rising phase, 33, 69, 83,
94,104, 116-117, 130, 142, 155,
167, 200-202

kinematic wave celerity, 31-32, 63-
66, 82, 93, 103, 115, 129, 141,
153-154, 166,194-195

kinematic wave parameters, 29-30,
63-66, 77-80, 91-92, 101-102,
113-114, 125-127, 137-139, 151-
152, 163-164, 185-187

overland plane, 29-38, 175, 185, 188,
190, 192, 194, 196, 198, 200,
203, 205, 210, 213, 218, 221,
223,229

parabolic channel, 77-89

partial equilibrium discharge, 35-36,
72, 86,97, 107, 119-120, 133,
145-146, 158, 170, 213-217

rectangular (deep) channel, 91-100

rectangular (square) channel, 101-111

rectangular (wide) channel, 113-123

square channel, 101-111

time of concentration, 32, 198

time of travel, 69, 83, 94, 116, 130,
142, 154, 166-167, 198-199

trapezoidal channel with equal side
slopes, 125-136

trapezoidal channel with one side
vertical, 137-149

triangular channel, 151-161

vertical curb channel, 163-174
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water surface profile — equilibrium water surface profile — rising phase,
phase, 36, 73, 87, 97-98, 120-121, 34, 70-71, 84-85, 95-96, 117-118,
134, 146-147, 158-159, 171, 218- 131-132, 143-144, 155-157, 168-
220 169, 205-209

water surface profile — falling phase, wide rectangular channel, 113-123

37, 74-75, 88-89, 98-100, 121-
122, 135-136, 147-149, 159-161,
172-173, 223-228
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